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Quasi thermodynamic equilibrium constants, Kq, of the reactions of aqueous silver nitrate with a number of alkynes

have been determined by solubility measurements at ionic strength 4 = 1 and in the absence of oxygen.

Whereas AH

calculated with K has the respective unrealistic values of 0.0 and +6.8 kcal, for 3-hexyne and 2,2,5,5-tetramethyl-3-hexyne,

the respective A vulues are —4.5 and —5.0 kcal. when calculation is made with Kq.

In 3-hexyne and its «-methyl hoirio-

logs the value of Ko is reduced to about oue third for each substitution of an a-hydrogen atom by a methyl group.

The ability of 3-hexyne to complex with silver
nitrate, as determined by a distribution method,?
is approximately that of an alkene, for it is some-
what greater than that of a frans-hexene and some-
what less than that of a cis-hexene. The solubility
method of Andrews and Keefer* is much more rapid
than the distribution method and was adopted for
the investigation of other alkynes. However, we
interpret our results in a different way.

So far, only hydrocarbons have given satisfactory
results. «-Halogenated alkynes are reactive with
silver ion, «-hydroxy alkynes are oxidized and
a-carbonyl alkynes are not stable under the condi-
tions employed, presumably due to reactivity with
water.

The Method.—The alkynes were distilled and
stored under 99.9%, nitrogen.? Some, as for ex-
ample 1-butyne, were stored in sealed ampoules.

An ampoule of alkvne is placed in an equilibra-
tion flask, capacity 250 ml., provided with sufficient
outlets to allow transferal of solutions under nitro-
gen. The flask is evacuated to less than 1 mm. of
mercury, nitrogen is admitted to atmospheric pres-
sure, and the operation is repeated. The ampoule
is broken by swirling or shaking. Sufficient oxy-
gen-free 1 M silver nitrate and/or 1 M potassium
nitrate are separately forced into the flask to give
100 to 200 ml. of solution, ionic strength g = 1,
having approximately the desired concentration of
silver nitrate. Sufficient alkyne is taken to leave
about 0.5 ml undissolved. The flask is covered
with aluminun foil to exclude light.

Saturation at 25° is assured by: (1) cooling the
flask contents under a slight nitrogen pressure for
about five minutes in an ice-water bath; (2) swirl-
ing the contents; (3) replacing the flask in the 25°
bath, and (4) after 0.5 hour swirling for one minute
seven times at five-minute intervals. Since the
solubility of the alkyne is greater at the lower tem-
pernture the aqueous phase is supersaturated in-
itinlly after reaching 25° and then is saturated in
coutact with the organic phase. After standing
onc hour at 25° two samples of the aqueous phase
are taken for the determination of silver and al-
kvne, respectivelv. Silver is determined by ad-
dition of an excess of standard potassium chloride

(1) This investigation has been made possible by support extended
the California Institute of Technology by the Office of Naval Research
under Contract Nonr-270(00).

(2} To whom requests for reprints should be sent.

(3) W. S. Dorsey and H. J. Lucas, THis Journar, 78,
(195R).

(N 1. F. Andrews and R. M. Keefer, hid., T1, 3644 (1029),

{5) Limde Air Drodncts Campany,
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and back titration with standard silver nitrate,
chromate being the indicator.®

The sample for alkyne analysis is run into an
appropriate volume of especially purified® carbon
tetrachloride” and 5 M potassium cyanide® at about
10° in a grease-free mixing cylinder. After this
has been shaken mechanically for 0.5 hour the
phases are separated and the organic phase is dried
with magnesium sulfate. From measurement of
the intensity of the C-H band at about 3.4 u the
concentration of alkyne in the carbon tetrachloride
phase is determined. The concentration of alkyne
in the aqueous phase at 4 = [ is calculated.

Data.—These at 25° are given in Tables I to

VI, respectively, for 3-hexyne, I, 2-methyl-3-
TaBLE 1
SoLuBILITY OF 3-HHEXYNE, I, AT u = 1 IN AQUEOUS SILVER
NITRATE
(Age*). (Uny), (Age®), (Uny),
M M X104 M M X 10¢
At 25° At 35°
0.000 68 0.000 64
.108 199 .074 129
.128 233 .190 244
.272 405 .307 361
.318 478 .360 408
.338 496 .548 619
.531 756 .730 822
.761 1102 .752 843
1.000 1475 1.000 1135
TABLE 11

SOLUBILITY OF 2-METHYL-3-HEXYNE, I, AT 25.0° AxD u = 1
IN AQUEOUS SILVER NITRATE

(Uny (Age*),
M

), (Uny),
M X 108

(Age ™),
M

M X 108
0.000 180 0.675 3090
.096 553 .675 3120
175 8395 1.000 48010
.358 1670
TaBLE III

SOLUBILITY OF 2,2-DIMETHYL-3-HEXYNE, III, AT 25.0° anD
u = 1IN AQUEOUS SILVER NITRATE

(Age®), (Uny), (Age?), (Uny),
M M X 105 M M X 108

0.000 72 0.579 900
.165 284 .707 1110
.360 564 .927 1470

(6) E. H. Swift, “Introductory Quantitative Analysis,”” Prentice-
Hall, Inc., New York, N. Y., 1930, p. 87.

(7) The correct volume to give a final optical density of 0.2 to 0.5
in tlie Perkin-Elmer double-beam IR spectrophotometer.

(]) This completely liberates the alkyne from the silver-alkymne
comiex,
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TaABLE IV

SOLUBILITY OF 2,2,5-TRIMETHYL-3-HEXYNE, IV, AT 25.0° AND
u = 1 1N AQUEOUS SILVER NITRATE

(Age Y, (Uny), (Ag: ™), (Uny),
M M X 1bs M M X 108
0.000 241 0.380 2340
127 885 0.641 3860
284 1746 1.000 6120
hexyne, II; 2,2-dimethyl-3-hexyne, III; 2,2,5-

trimethyl-3-hexyne, IV; 2,2,5,5-tetramethyl-3-hex-
yne, V; and 2-heptyne, VI. The data at 35° are
given in Tables I and V, respectively, for I and V.
When the solubility of any alkyne is plotted
against silver ion concentration the plot has an up-
ward curvature. This indicates a greater solu-
bility than would be given by a 1-to-1 complex of
alkyne with silver ion, eq. 1, and is believed to be
the result of a 1-to-2 complex,® eq. 2. The equilib-
rium constants for the formation of these two
complexes are given by eq. 3 and 4, respectively.
Here (Un) is the concentration of the uncom-
plexed alkyne, Un, (Un-Ag™) is the concentration

Un + Ag* = Un-Ag+ (1)
Un-Ag+ + Ag® = Un-2Ag+ 2
_ (Un-Ag®)
= Onyae ®
_ _(Un-2Ag%)
K: = GnAe*)(AgD @)

of the 1-to-1 complex, Un'Ag,* and (Un-2Ag™) is
the concentration of the 1-to-2 complex, Un-2Ag™.

Calculation of Argentation Constants.—Rigor-
ous values can be obtained for K; and K, assuming
only that there are no other complexes present
except the 1-to-1 and 1-to-2 complexes. Equa-
tions 5 and 6 are the respective expressions for the
concentrations of total alkyne, Un:, and of total
silver, Ag:, in terms of the concentrations of un-
complexed and complexed materials.

(Une) = (Un) + (Un-Ag™) + (Un-2Ag*)  (5)
(Agy) = (Ag") + (Un-Ag*) + 2(Un-2Ag*) (6)
Equation 7 expresses (Un:) in terms of (Aget),

K, K; and (Un), the solubility of the alkyne in 1
M potassium nitrate.
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TABLE V
SoLuBIiLITY OF 2,2.55-TETRAMETHYL-3-HEXYNE, V, AT
u = 1IN AQUEOUS SILVER NITRATE

(Age ™), (Uny), (Age 1), (Uny),

M M X 108 M M X 108
At 25° At 35°

0.000 147 0.000 77
217 568 .055 148
.368 914 .163 332
.395 955 .293 537
. 446 1082 .436 778
.483 1217 .521 895
.651 1637 .707 1293
733 1798 1.000 1838
.793 1970

1.000 2533

TaBLE VI
SoLusmaty ofF 2-HEPTYNE, VI, AT 25.0° AND u = 1 1IN
AQUEOUS SILVER NITRATE

(Ageh), (Uny), (Ag. "), (Uny),
M M X108 M M X 108

0.000 170 0.528 1345
.146 474 . 585 1501
.290 795 .786 2028
-290 807 1.000 2674
.441 1115

Similarly b and ¢ can be identified with the coeffi-
cients of the (Ag:t) and (Ag:*)? terms in the ex-
panded form of eq. 7, where terms containing
(Ag:™)® and higher orders are dropped. If this
identification is made, values of & and ¢ are those
shown by eq. 11 and 12. The slope of eq. 7 at
(Ag:t) = 01is b, as eq. 9 indicates.

_ _KiUn) _  Ka
- Kl(t}n) +1 Ko 1-|- 1 (11)
— [B(Un) = 1) ¢ x o) (12)

¢~ R(Un) F 170

Best values of ¢, b and ¢ are determined by the
method of least squares from the solubility data.
The coefficients of eq. 10 for the various alkynes
are shown in Table VII. K; was calculated with
eq. 11, using the values of ¢ and 5 from their least
squares determination. By direct substitution

(Ung) = (Un) + (Age*)/2 —

Differentiation of eq. 7 gives eq. 8, which reduces
toeq. 9at (Ag:™) = 0.

d(Uny) _ 1y + Ki(Un) — 1
d(Age™)  '* T 2{[K(Un) F 112 + 8K.K(Un ) (Ag: )]/
(8)
d(Uny) - K:(Un) (©)
d(Ag. D) fagn =0 1+ K(Un)

The experimental data for each alkyne were
fitted to a curve of the form of eq. 10 where a, the
ordinate intercept, can be identified with (Un).

(Uny) = a + b(Agt™) + c(Age™)? (10)

(9) However, the solubilities of cyclohexene and carbon tetrachloride
in 1 M potassium nitrate are each about 6% less than in 1 M silver
nitrate (N. Koenig, Ph.D. Thesis, California Institute of Technology,
1950), The salting out effect of potassium ion on alkynes may like-
wise be greater than that of silver ion. This may account for about
half of the increased solubility ascribed to silver ion. Thus the values
of K1 calculated may be too large.

8K KH(Un) 2
into eq. 7, Ky was calculated from (Un), K; and
simultaneous values of (Ung) and (Ag:™), as em-
pirically determined from eq. 10. This method of
calculating K and K, involves no simplifying as-
sumptions once the model is assumed. K; and K,
are not thermodynamic equilibrium constants,

TaBLE VII
Least SQuares EguaTtions (Eq. 10)
Temp.,
Alkyne °C. a b ¢
1 25 0.00758 0.1157 0.0250
I 35 .00599 .0940 .0136
I 25 .00188 .03856 .00747
111 25 .00068 .01302 .00230
v 25 .000226 .005255 .000641
v 25 .000149 .001900 .000484
A% 35 .000078 .001454 .000316
VI 25 .00170 .0200 .00470
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At zero silver concentration the activity coefi-
cients of Ag™ and Ag-Un+¥ can be considered to be
essentially unity. In such a case the ratio of the
two 1s unity, eq. 13

’YL'u-Ag*/'/'/Ag" =1 (13\’
In its saturated aqueous solution at g = 1 the ac-
tivity of Un is equal to the activity of the livdro-
carbon in equilibrium with the solution. If the
activity of the pure hvdrocarbon at 25° is taken as
unity,’ then the activity of Un in the aqueous solu-
tion is approximatelv equal to unity, eq. 14. How-
ever the activity is not exactly unity because the
(Uu) yua 221 (12)
hydrocarbon phase is not pure Un owing to the
presence of somne dissolved water,

The product of eq. 3, eq. 13 and 1/yun gives eq.
15. Here Kq/vuais a true therinodvnamic equilib-
rimn coustant, and K, is an approximation to a

K (Un-Ag™) Ag” _
oy T (GHTAET) e e = KU (15)

thermodynanic equilibrium constant. Its validity
is restricted by eq. 13 and 14. Multiplication of
the experimnentally determined K; by (Un) gives
the value of K,. K, is a better constant than X,
for comparing different alkvnes because it is the
cquilibriuin constant of the reaction of the liquid
hydrocarbon with aqueous silver ion to form the
aqueous complex iom.

Results.—In Table VIII are data on the
solubilities of the alkynes in I M potassiun nitrate,

2

TaprLe VIIT
Data oN ALKYNES; SoLvninitirs v 1 M Porassium
NITRATE AND VALUES Or K, Ky aAND K,

Temp., (Un),*
°C. M X 10¢ K1 Kz Ko X 103

3-Hexyue 25.0 75.8 17.3" 0.36° 131
3-Hexvue 35.0 599 17.3 .21 103
2.Methyl-3-hexyne 25.0 18.8  20.5 .28 38.6
2,2.Dimethyl-3-

hexyne 25.0 6.8 19.1 .30 13.0
2,9,5-Trimethyl-3-

hexyne 25.0 2,26 234 .34 5.29
2.2,5,5-Tetrameth-

y1-3-hexyue 25.0 1.49 12.8 .53 1.91
2.2.5,5-Tetrameth-

vl3-liexyue 35.0  0.78 18.6 .33 1.45
2. Heptyne 230 17.0 11.9 .26 20.4

< Solubility i1 1 37 KNQ;. ? By the distribution wetliod,?
K, =191, Ky = 0.22,and Ks = 8.2 X 1072,

(Un), and the values of the equilibrium constants,
K1, K, and K,. The K; value, 17.3, and the K,
value, 0.36, of 3-hexyne agree well with the respec-
tive values, 19.1 and 0.22, obtained by the distri-
bution method.? The K, value of 13.1 X 1072
is sixteen times the K, value of 0.82 X 102 ob-
tained by the distribution method.? Here K, =
K./Kp, where Kp is the distribution constant of
Un between aqueous potassium nitrate, 1 M, and
carbon tetrachloride. !

(10) 1u this treatment, the activity coefficient of a pure liquid is
taken as unity. It is assumed that positive Raoult's Law deviations
ocenr in aqueous solutions and that the activity coefficient of the liquid
in a1queous solution increases with dilution; J. H. Hildebrand and R. L.
Scott, “The Solubility of Nonelectrolytes,’”” 3rd Ed., Reinhold Publ.
Corp., New York, N. Y., 1950, p. 29 and Fig. 8, p. 32.

(11) 8. Winstein and H. J. Tacas, Tuis Jourxar, 60, 838 (1938).
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In order to be able to compare K, and Kj they
must be caleulated with mole iractions instead of
with coucentrations and activity coellicients.'”
Since K, aud K; are constants for the reaction of
silver ion with the alkvne in the organic phase the
recalculation is made with mole fraction of alkyne
in the organic phase. The value of K, (solubility
method) remains unchanged at 13.1 X 1077 he-
cause miole fraction of approximate unity replaces
activity of approximate unity (eq. 14) of liquid
3-hexyne. The value of K, (distribution method)
becomes 8.6 X 1072 because the molarity of Ui in (0.2
M carbon tetrachloride, namely 0.2, is replaced
by miole fraction, namely 0.019, aud this increascs
the value of K by a factor!® of 10.53.

The discrepancy of about 5097 between K,
and K, based on mole fractions is narrowed to
about 409, by the fuctor 17.3/19.1 = 0.91, the ratio
of K, solubility 1method, to K, distribution
method. On going from more coucentrated to
more dilute systems of Un therce is an increase in
the ratio yuaw/vum (W = water, 0 = organic).
The rise in Kp with a drop i the concentration of
(Un)o, as plotted in Fig. 2, ref, 3, shows that the
activity ratio does so change. Therefore, a part
of the drop of K, to K, is due to a dvop in this
ratio, for concentration in the K, measurement is
the higher of the two. Since the two correspond-
ing values of K; are also influenced by the activity
ratio, it can be assumed that A, und A are
affected siinilarly, that is, by the fuctor 0.91,
above.

Ii K, is kept constant at 13.1 X 10 Ky be-
comes 9.5 X 10~ An agreement within 100
is satisfactory in view of the influence of unkuown
factors, such as the lumitations of eq. i3 and 4
and the different salting out effects of silver and
potassium ions.

There is little difference in the values of A and
K,y among the different alkynes (Tuble VIII), the
formmer varyving without anv definite trend from
11.9 to 23.4, the latter, from 0.21 to 0.33. How-
ever, K, becomes smaller cvery titne u 1ethyl
group replaces an a-hiydrogen atom. The factor is
roughly 1/,; four methvl substitutions ito 3-
hexyne cause a drop from 13) X 1078 to 2 X 10-#
A similar influence of mnetityl substitution on
argentation constants has beca noted with al-
kenes.!!

Calculation of AH for the argentation reaction:s
of 3-hexyne and 2,2,5,3-tetramethyl-3-hexyne from
the K, values at 25 and 35° gives the unrealistic
values of 0.0 kcal. and 6.8 keal., respectively,
whereas from K, the realistic values of —4.5 and
—5.0 keal., respectively, are obtained. These last
AH values are comparable to those of alkenes!! and
indicate that K, is a miore satisfactory constant
than K;. K, probably is close to a thermodynamic
equilibrium constant and is here designated a
quasi equilibrium constant. Reported values of

(12) The importance of mole {ractions was pointed out to one of us
by Professor Edwin Lassettre, of Ohio State University.

(13) 'This is because in the expression for Ko, as given in eq. 7 by
1. R. Hepner, K. 'Trueblood and H. J. lLiucas, T'urs JOURNaL, T4,
1333 (1952), (Un), is included in thie denominator owing to its ap-
pearing in the denaminatar of eq. 5, the expression for Ki, from which
Ko is derived,
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TABLE IX
ALKYNES STUDIED
B.p., Pres., MRp Carbon, %  Hydrogen, %  Chlorine, %
Lit. °C., cor. mm, n%p 4%, Caled.® Caled.b Obsd. Caled. Found Caled. Found Caled. Found
3-Hexyne 80.9-81.0 748 1.4090 0.7185 27.90 28.25 28.26
18 81.43 760 1.4112¢  .7226° 28,244
2-Methyl-3-hexyne 93.0-93.3 746 1.4089 7173 32.52 33,05 33.15
18 95.2 760 1.4120°  .7249° 33.014
2 2.Dimethyl-3-hexyne 100.2-101.0 746 1.4085 7188 37.14 37.86 37.86 87.19 87.31 12.81 12.91
36.6-57.5 155
2,2,5-Trimethyl-3- 110.0-110.2¢ 747 1.40847 71247 41.76 42.66 43.05 87.02 86.92 12.98 13.10
hexyue
2,2,3,5-Tetramethyl-3- 110.9-111.5 746 1.4036 L7074 46.38 47,47 47.74
liexyne 29 111.1 730 1.4026 7080 47 .64
2-Heptyne 110.0-110.6 747 1.4194 7440 32.52 32.69 32.67
34b  110.5-111 1.4192
INTERMEDIATE COMPOUNDS
2.Methyl-3-hexyne-2-6l 53.4-54.3 15 1.4389 8547 34,05 34,58 34.51 74.95 74.86 10.78 10.89
2.Chloro-2-methyl-3- 78.5 100 1.44797 9054 37.39 37.92 38.61 27.15 26.66
liexyne
2,5-Dimethyl-3-hexyne- 60.0-60.2 15 1.4338 .8357 38.67 39,38 39.390 76.14 76,14 11.18 11.24
2-01
2.Chloro-2,5-dimethy1- 81.5 100 1.4400 8778 42.01 42,73 43.43 24.51 24.74
3-hexyne
2,5,5-Trimethyl-3- 85.0" 60 1.4282 L8167 43.20 44,10 44.19
hexyne-2-ol 20 85% 60 1.42227 80647 44,209
2.Chloro-2,5,5-trimeth- 80.5-81.1 100 .8558
y1-3-hexyne 29 81-81.5 100 1.4343° .8583° 46.63 47.52 48 11¢
o Ref. 16. b Ref, 17. ¢ At 20°. 4 Calculation by H, C and L. ¢ Thrice distilled. 7 Twice distilled. ¢ Refractive

index increases on standing. * F.p. 31.5~30.0°.
K, calculated from solubility measurements*141®
might prove to be of greater interest if recalculated
to Ka.

Alkynes.—Constants of alkynes investigated
and of intermediate compounds in some of the
syntheses are shown in Table IX. Molar refrac-
tions have been calculated with two sets of atomic
refractions, <.e., standard values!® and values sug-
gested by Hennion and Banigan for alkynes.
Values of M Rp observed for alkynes agree well with
those calculated by the method of H. and B. except
that the value of 2,2,5-trimethyl-3-hexyne is high.
Constants of 3-hexyne and 2-methyl-3-hexyne at
20° are those of Pomerantz, ef al.1®

Values of MRp observed for the three acetylenic
alcohols agree quite well with J/Rp calculated by
the method of H. and B., using the standard atomic
polarization of O in OH, namely, 1.525. This
would seem to indicate that no correction is needed
for the proximity of the triple bond. However,
MRp of chloro compounds in all cases is high.
The refractive index of 2-chloro-2-methyl-3-hexyne
was found to increase on standing. Such a change
could account for the high values of MRp. The
change may be the result of isomerization® or
polymerization. A part of the enhancement of
MRp may be due to the influence of the triple bond
on Cl, similar? to that on C.

(14) L. J. Andrews and R. M. Keefer, Trais JournNaL, 72, 3113,
5034 (1930).

(15) R. E. Kofahl and H. J, Lucas, ¢bid., 76, 3931 (1954).

(18) N. A.lange, ''Handbook of Chemistry,”” Handbook Publishers,
Sandusky, Ohio, 1956, p. 1391,

(17) G. F. Hennion and T, F. Banigan, Jr., Tais JournaL, 68, 1381
(1946).

(18) P. Pomerantz, A. Fookson, T. W. Mears, S. Rothbergand F. L,
Howard, J. Research Natl. Bureau Standards, 62, 51 (1954).

(19) The product may rearrange slowly to an isomeric allenic com-
pound, or it may be the rearranged compound; A, W. Johnson, ‘*Acety-
lenic Componnds,” Vol. 1, Edward Arnold and Co., l.ondon, Eng., 1946,
p. 63; M. S, Newman and J, H. Wotiz, THis JournNar, T1, 1293
(1949).

‘F.p., 32.0-31.8°,

7 At 38°,

Preparation of Alkynes-2!

3-Hexyne.—Most of this was obtained from Farchan
Research Laboratories. It was shaken five times with
aqueous ferrous sulfate. The development of heat was an
indication that peroxides were being removed.
2-Methyl-3-hexyne —This was synthesized from isoamyl
alcohol by the method of Gredy?? through the steps: iso-
amylene,?? isoamylene dibromide,?* bromoisopentene,?22
3-methyl-1-butyne?®# and 2-methyl-3-hexyne.?
2,2-Dimethyl-3-hexyne.—This was prepared from acety-
lene through the steps: 1-butyne,?:2? 1-butynylmagnesium
bromide, 2-methyl-3-hexyne-2-01% (69%,), 2-chloro-2-meth-
yl1-3-hexyne!® (88%), and 2,2-dimethyl-3-hexyne (259;
over-all, 12-149%,).
2,2,5-Trimethyl-3-hexyne.—3-Methyl-1-butyne by the
procedure of Hennion and Banigan® was converted through

(20) The authors acknowledge their indebtedness to Mr. T. H.
Applewhite for assistance.

(21) Analyses for carbon and hydrogen were made by A. Elek,
Los Angeles, Calif., and for chlorine by F. Geiger, Chaffee College,
Oantario, Calif.

(22) B. Gredy, Bull. soc. chim., 2, 1951 (1933);
Perfumery Essent. Oil Rec., 14, 291 (1923).

(23) V. N. 1patieff, Ber., 36, 2000 (1903):
Reuter, Turs JourNaL, 49, 2624 (1927).

(24) By the method of '“Organic Syntheses,” Coll. Vol. 11, John
Wiley and Sons, lnc., New VYork, N, VY., 1941, p. 171, The dibro-
mide, b.p. 62.5-65.0° (15 mm.), was obtained in 869, vield.

(25) With potassium hydroxide in &thylene glycol at bath tempera-
tures up to 230°, yield, essentially quantitative.

(26) L. S. Dedusenko, Trudy Khim, Inst, Azerbaidzhan, Filiala
Akad, Nouk, 4, No. 1, 15 (1940); Khim. Referat. Zhur., 4, No. 9, 53
(1941); ¢f. C. A., 38, 1466 (1944). Vield, last step 60%; over-all,
45%.

(27) By ethylation of the ethylmagnesium salt; S. D. Thorn, G, F.
Hennion and J. A, Nieuwland, THis Jour~aL, 68, 796 (1936); yield:
crude, 20%; pure, 13.5%,.

(28) T. H. Vaughn, G. F. Hennion, R. R. Vogt and J. A. Nieuw-
land, J. Org. Chem., 2, 1 (1937). Most of the ammonia was removed
by countercurrent flow of water in a scrubbing tower of Raschig rings,
and the remainder by bubbling through 259, sulfuric acid. Dissolved
acetylene was removed by refluxing from a condenser cooled to —20°,
Crude yields were 79 to 94%,.

(29) Subsequent steps are analogous to those employed by G. F.
Hennion and T. F, Banigan, Jr., for converting {-butylacetylene to di-¢-
butylacetylene; THIS JOUrNAL, 68, 1202 (19486),

(30) 3.5-Dinitrobenzoate, m.p. 97.7-98.4°,
CliHisOsNe: N, 9,11, Found: N, 9.67.

A. Lewinsohn,

J. F. Norris and R.

Anal. Caled. for
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tlie steps, 2-methyl-l-butynylmagnesium bromide, 2,5-
dimethyl-3-hexyne-2-o0l (869%,) and 2-chloro-2,5-dimethyvl-3-
hexyne?® (80%) to 2,2,5-trimethyl-3-hexyne (54%; over-
all, 209%).

2,2,5,5-Tetramethyl-3-hexyne.-—This was prepared from
pinacol through the steps, pinacolone,’ 2,2-dichloro-3,3-
dimethylbutane, 3,3-diniethyl-1-butyne???* (froin pinacol,

(31) **Organic Syntheses,”” Coll, Vol. I, John Wiley and Sons, luc.,
New York, N. Y., 1941, p. 462,

(32) P. lvitzky, Bull. soc. chim., [4] 85, 357 (1924).

(33) The subsequent steps are those of Hepnion and Banigan.??
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269.), 3,3-dimethyl-1-butynylmagnesium bromide,
trimethyl-3-hexyne-2-ol  (839;), 2-chlorw-2,5,5-trim
3-hexvnel® (899). aud 2,2,5,5-tetramethyi-3-l1exyne (3
from 3.3-dimethyvl-1-butyne, 35%).

2-Heptyne.—This wirs prepared by
hexyue. 2834

methivlation of -

(34) (&) J. H. Wotiz and . A, Miller, Tins Journat, 71, 3411
(1949); (b) (5. Il Hennion and J. Pillar, ibid., 72, 5317 (1850).

Pasapexa, CaL.
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The Separation of Hydrogen and Deuterium by the Reaction of Iron with Steam

By Hirton A. SmMITH anD Jonn C. Possey
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The separation of hydrogeu and deuteriuin during the reaction of steam and iron was meusured over the ratige of 118 (o

340°.

Separation factors from 1.4 to 3.2 were observed. The data were found to be correlated by the equation log o ==
273.1/T — 0.2039 where « is the isotope separation factor and T is the absolute temperature,
obtained with cadmium agreed within experimmental error with those obtained with iron.

Isotope separation factors
The separation of hydrogen and

deuterium occurring during the reduction of magnetic iron oxide was measured and found to approach the equilibriuni

value.

The separation of hydrogen isotopes as a result of
the reaction of steam and metals has been observed
by previous workers. Horiuti and Polanyi! ob-
served that when iron reacted with an excess of
steam at 500° the hydrogen which was produced
contained a lower concentration of deuterium than
the steam. A separation factor of 1.6 can be calcu-
lated from their data. Bleakney and Gould? inves-
tigated the same reaction at 510° and obtained data
from which a separation factor of 1.3 can be calcu-
lated. Henderson® measured the separation factor
for this reaction using freshly reduced iron over the
range 200 to 400°. He obtained values from 1.60 to
1.42 which were in fair agreement with the values
of the equilibrium separation factor and concluded
that the separation was caused by isotope exchange
between the steam and the hydrogen.

Horiuti and Szabo! measured the separation of
these isctopes in the reaction of water vapor and
sodium and found a separation factor of 2.2.
Henderson and Bernstein® measured this separation
in the reaction of steam and zinc cver the range of
295 to 415°. The separation factor was found to be
1.6 at 400° and had a temperature gradient of
—0.0011 per degree.

Eyring and Cagle’ have calculated the separa-
tion of hydrogen and deuterium in the electrolytic
process by means of the absolute rate theory as-
suming that the breaking of the hydrogen—deute-
rium bond is the rate-controlling step. They ob-
tained the equation

_ sinh (hvoH/2ie£)

= sinh (kvon/28T) 1

(1} J. Horiuti and M. Polanyi, Nature, 132, 819 (1933).

{2) W. Bleakney and A. J. Gould, Phys. Rev., 44, 265 (1933).

(3) W. G. Henderson, Masters Thesis, 1llinois lnstitue of Tech-
nology, Chicago, 11llinois, 1954.

(4) J. Horiuti and A. L, Szabo, Nature, 183, 327 (1934).

(5) W. G. Henderson and R. B. Berastein, THIs JournNaL, 76, 5344
(1954).

(6) H. Eyring and 17, W, Cagle, J. Phys. Chem., 56, 8380 (1932),

This is believed to have been caused by isotope exchange catalyzed by the freshly reduced iron.

For ordinary temperatures this imay be sunplified te
w = &BIT (2)

According to Fricke, Walter and Loher” steuiu
reacts with iron to produce hydrogen and magnetic
iron oxide, Fe;O4, at temperatures below 540-560°.
At higher temperatures ferrous oxide is formed. All
of the work reported in this paper fell in the lower
temperature range.

Experimental

‘The steami-iron and steam-~cadmium reactions were cor-
ried out in the apparatus shown in Fig. 1. The water flowed
from the buret down into the reaction tube. It was volu-
tilized in a heated trap at the top of tiie tube. From lierce it
passed in the form of steam down through the heated bed af
the powdered metal and down through a condenser and wa-
ter collection flask. After this it passed through a glass
wool packed cold trap wliich was immmersed in a mixture of
Dry Ice and acetone. Thiis removed the last of the unireacted
water from the hydrogen. The hydrogen then entered u
tube containing copper oxide at a temperature in excess of
300° where it was oxidized gquantitatively to water. Thix
water was collected in a second cold trap.

The reactionn tube was constructed of staundard 3/4-inch
copper tubing and standard brass flare {ittings. All joints
other thian the flare joiuts were silver soldered. The cou-
denser and tiie tube from the buret to tile renction tube were
also made of copper. The rest of the system with the ex-
ception of the Bourdon guges was muade of Pyrex glass. All
glass parts were counected with ground giass joints lubri-
cated with Apiezon M stopcock greasc.

Tlie reaction tube was hcuted i1 a furnace wiiich consisted
of a Pyrex tube wound with nichroie wire and insulated
with glass wool held in place by asbestos tape, Tle tempera-
tire was controlled by means of a variable transformer. The
temperature was measured by means of a notentiometer and
a copper-constantan therinecouple located in a copper ther-
mocouple well which projected up inside tlie reaction tube
into the bed of powdered metal.

The iron powder was Merck Iron by Hydrogen. It had
u surface area of 1.€3 squure ineters per grain as deterniined
by nitrogen adsorption using the B.E.T. method. The
iron had 90.4% of the reducing capacity of pure iron as de-
termined by the amount of hvdrogen evolved in the reaction
of a known weight of iron with hydrochloric acid.

(Y I Viricke, K. Walter and W, jbwer. 2. Lielivochew., 4T, 487
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