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Isotopic distribution coefficients iu the equilibria at 25° of: I1: + AcOH’ (1) — HH' 4 AcOH (1) have heen measured,
wliere H' refers to denteriuin and tritinm. Equilibritnm constatits were caleulated for tlie corresponding gas reactions using
these isotopic forms of acetic acid. This isotopically equilibrated liydrogenation system was used int the presence of plati-
num catalyst to saturate the double bond in methyl Sa-acetoxy-At-cholenuate. The isotopic composition of the hydrogen
atoms incorporated during the hydrogenation was meastired relative to the isotopic composition of the carboxyl! hydrogen of
the acetic acid medium. These results indicate that the exchange between dissolved and carboxy! hydrogen at the catalyst
surface is rapid relative to the hydrogenation steps. Relative to the hydrogen gas composition, the heavier isotopes are pref-
erentially incorporated into the conpound undergoing hydrogenation by a factor of 1.10 and 1.26 for deuterium and tritiuut,
respectively. Relative to the carboxyl hydrogen cotposition, protitun is preferentially incorporated by a factor of 3.31 and

5.42 with respect to deuterinm and tritimu, respectively.

Introduction

The catalytic hydrogenation of an unsaturated
compound is a frequently used method for the
preparation of compounds containing deuterium
and tritimm. The hydrogenating system: hvdro-
gen gas—acetic acid-platinum catalyvst is an ex-
cellent medium for such syntheses. The relation-
ship between the isotopic composition of the
hydrogenating mediuin and that of the hydrogen
atoms incorporated into the compound that was
reduced is of interest from the synthetic viewpoint--
as well as from the viewpoint of the isotopic frac-
tionation factors involved. In order to provide
mformation on these relationships, the hydrogen
isotopic equilibriumn has been studied at 25° in
the system hydrogen-—acetic acid using the isotopes
of masses 1, 2 and 3 and the isotope distribution
coefficients measured. The isotopic fractionation
factors for these 1sotopes were also measured in the
hydrogenation of a steroid, methyl 3a-acetoxv-
All.cholenate (1), to form the corresponding cholan-
ate {IT).
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Experimental

Expression of Isotopic Ratios.—The isotopic coucentra-
tions of deuterium and tritituin are expressed as atoin ratios:
(D/I) and (T/H). Thus, (D/H) refers to the ratio of the
number of atonis of mass 2 to mass 1. The subseripts & aud
M following thiese atoms ratios refer to the gas phase over
tlhe solution and to the hydrogeu atom in the carboxyl group
of the acetic ucid, respectively. Ouly this hydrogen atoin
is of interest in these studies because the methyl group hy-
drogen atoms do not exchange with the gas under the ex-
perimental conditions. The concentrations (D/H)e aud
(T/H)e were nieasured directly in the equilibrimn studies
while (D/H)y and (T/H)y were kuown. The subseript

(13 This investigation was jointly supported by the Office of Naval
Research contract No. NC-o0ri-99, T.0O, 1, the Atomic Energy Com-
mission, and grants from the Nulional Cancer Instituce, United States
Pubtic Health Service,

C following the isotopic atom fraction refers to the kydrogen
atoms incorporated during the hydrogenation of the unsatur-
ated compound (1).

Analytical Methods.—Relative tritium activities were
measured by internal gas counting in which radioactive hy-
drogen gas (at approximately 5 cm. pressure) was adniixed
with 63-cii. ntethane gas. This gas mixture, inside a
counter tube of about 18 mm. inside diameter with silvered
cathode and 2 mil tuugsten anode wire, was couttted in the
upper portion of the proportional region using a pulse ampli-
fier and scaling circuit, the discriminator of which was set to
accept all pulses greater than one millivolt.

Using this counting gas mixture, the characteristic curve
had a platean starting at 2900 volts, and extending for ap-
proximately 1000 volts with a slope of less than 0.3% per
hmndred volts. The counting rate is directly proportional
to the partial pressure of the radioactive hydrogen gas and
is independent of the methane gas pressure. At methane
partial pressures of 20 cin., the plateau is shortened to 400
volts. The use of internal gas counting insures reproducible
geometry. Resolviug tinte corrections were made using the
ntethod described by Reid, Weil and Dunning.? A half-life
of 12.1 years was used to correct all tritium activities for
natural decay.® The measurement of relative tritium ac-
tivities by this procedure is precise to within 1%. Water
containing deuteriunt or tritinm was first converted to hy-
drogen gus over zinc at 420° in a good vacuum. The ac-
1ivity of the hydrogen gas was then neasured as described
above. The isotopic analysis of the
hydrogenated organic compound
was made after complete combus-
tion int a stream of dry oxygen with
the resulting water collected in a
trap cooled to —70°. The water
was then counverted to hydrogen
over zinc. Memory effects were
eliminated by discarding the prod-
\ uct of the first combustion-conver-
NS sion procedure and checking the
i results of a second and third run.

It The latter measurements were equal
within 29,

Deunterium measurements were made using a dual collec-
tor Nier type hydrogen mass spectrometer. Hydrogen gas
for the latter was obtained from1 heavy water and the deu-
terium-coutaining compound in a manner similar to that
stated above. The reliability of the deuterium measure-
niettts is 1-29%, of the easnred deuterinm content. The
tritinin conuting rates, corrected to u staudard partial pres-
sure inside the Geiger-Miiller counter tube used in all the
measuremeltts are directly proportional to the (T/H) ratio
in the hydrogen gas or organic compound. The mass spec-
trometer data yield (D/H) ratios directly since the (mass
3/mass 2) current ratio is compared with ratios for hydrogen
samples made from heavy water samples of kuown deu-
teriumi content. Normal deuteritun abundance was taken
as 0.020%.

{(2) A.F. Reid, A. S, Weil and J. R. Dunning, Al Chem., 19, 824
(1947).

(3) A. Newick, Phys. Rep., T2, 972 (1947).
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Reagents.—Methyl B3a-acetoxy-All-cholenate (I), was
further purified by treatment with Raney nickel in ethyl
acetate solution and filtration through Celite. The product
melted 118-119° (reported? 116-117°), [a]®D +53.5°
(acetone) (reported’ + 52.2°). Platinum oxide catalyst
(Baker and Co., Newark) was used without further purifica-
tion. Heavy water (99.8%) and deuterium gas (99.6%)
were obtained from the Stuart Oxygen Co. Oxygen was
removed from tank hydrogen (Matheson Co.) by passage
through a tube containing active platinum catalyst, trapping
the water forined at Dry Ice temperature. Radioactive
hydrogen gas was obtained from the Isotopes Division of
the U. 8. Atomic Energy Commission. Gas of lower ac-
tivity was prepared by serial dilution of this material with
oxyvgen-free tank hydrogen. The radioactive water used
to prepare the acetic acid medium was prepared from hydro-
gent by reaction with copper oxide at 350°. The acetic an-
hydride (Eastman Kodak Co., 99-1009,) was distilled in an
all-glass 20-plate column packed with glass helices, and a
widdle fraction boiling at 140° at one atmosphere was used.
Titration with sodium methylate and sodium hydroxide
{ollowing the procedure of Smith and Bryant$ showed that
the acetic anhydride was free of acetic acid within 0.29%, the
cxperimental error in this procedure.

The abbreviated formulas AcOD and AcOT refer to acetic
acid containing deuterium and tritium in the hydrogen of
the carboxyl group while the methy] hydrogens are of nor-
mal isotopic abundatice. (D/H)w was approximately 0.03
and 1.0 for the equilibrium studies and hydrogenation ex-
periments, respectively. (T/H)y was approximately 1071t
and 107% respectively. The acetic acid medium was pre-
pared by adding water to acetic anhydride in equimolar
proportions. The isotopic composition of the carboxyl
hydrogen of the acetic acid was thus equal to that of the
water used in its preparation.

Measurement of Isotopic Equilibrium (Table I).—The
glass-stoppered flask containing acetic acid, hydrogen gas
and platinum catalyst (0.35, 8 X 1073, and 1.63 X 10-*
moles, respectively) was shaken vigorously in a thermo-
static bath for approximately three hours. The hydrogen
gas in isotopic equilibrium with the liquid was freed from
acetic acid vapor by passage through a trap cooled in liquid
nitrogen and the deuteriunt or tritium content measured as
described above.

The isotopic comnposition of the carboxyl hydrogen of the
acetic acid was practically constant throughout the shaking
period, since the acid is present in large molar excess. Its
coinposition at equilibrium was calculated from the known
initial composition by correcting for the uptake of deuterium
or tritium by the gas phase using the final isotopic composi-
tion of the gas and its volume at the measured temperature
and pressurc. This correction is of the order of 0.29%,. An
additional correction was made for the dilution of the iso-
topic content of the medium caused by the ordinary water,
associated with the small quantity of platinum oxide cata-
Ivst used, the formula of which was considered to be PtO,
H,0. This correction is of the order of 0.2%,.

Measurement of Isotopic Fractionation Factor (Table II).
—Approximately 21, 0.5 and 0.04 g. of the aceticacid, steroid
1 and Adams platinum oxide catalyst, respectively, were
shiaken for 2.5 hours. This corresponds to molar propor-
tious of acid, compound and catalyst equal to 300, 1 and 0.14,
respectively. Approximately 0.006 mole of hydrogen gas
were used in cach experintent corresponding to an approxi-
mately 4.5-fold cxcess.

The hydrogenationn reaction was comnpleted in approxi-
mately 13 minutes, corresponding to the theoretical uptake
of hydrogen gas within the experimental error of oue per
cent.  The uptake was uniforin for the first seven minutes,
corresponding to 76% completion and was slower in the re-
maining six minutes.

At the end of the hvdrogenation, the contents of the reac-
tion flask were brought to Dry Ice temperature, the hydro-
gen gas was removed and the acetic acid containing deu-
terium or tritium was removed by distillation iz vacuo.
Residual quantities of the latter were removed by successive
additions of ordinary acetic acid followed by vacuum dis-
tillation. The product II was freed of catalyst by filtration

(4) J. Press and T. Reichstein, Helv. Chim. Acta, 28, 878 (1942).
(3) F. Seebeck and T. Reichstein, tbid., 26, 536 (1943).
(6) D. M. Smith and W, M. D, Bryant, THIS JoURNAL, §8, 2452
(1936).
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of the solution in acetone and purified by two fractional re-
crystallizations from petroleum ether. The melting point
of the purified II was 134-135°. The tetranitromethane
test for unsaturation gave uniformly negative results; [a]%p
+48.1° (acetone), (reported’ mn.p. 134°), [a]¥p +48.4°.
In preparations A, B, E and F of Table II, the reaction gas
was first isotopically equilibrated with a large excess of acetic
acid of isotopic compositiont equal to that used in the subse-
quent hydrogenation. The purpose of the prior equilibra-
tion was to minimize the effect caused by the clianging iso-
topic composition of the gas phase duriug the hydrogenatio.
For preparations E, F and G, the (D/H)y was approxi-
miately 0.5 in order to furnish D/H ratios for the hydrogen
from the combustion of 11 of approximately 0.01, a preferred
concentration range for the mass spectrometer measure-
ments. The acetic acid medium for preparations A to D
contained approximately 10~? atom fraction of tritium. In
preparation C and G, the gas used had been equilibrated for
a shorter time than would correspond to isotopic equilibriuin.
In preparation C, the gas used for the hydrogenation had
attained slightly less than !/, of the equilibrium T/H ratio.
In preparation G, the gas composition was not measured.
In preparation D, the hydrogen was of normal isotopic
abundaiice at the start. The isotopic couiposition of the
carboxyl hydrogen of the acetic acid medium was calculated
as described above. The isotopic composition of the hydro-
gen atoms incorporated into II during the hyvdrogenation
was calculated from the measured (D/H) aud (T/H) com-
position of the hydrogen gas obtained from the combustion
of II using its molecular formula and the assumption that
twq hydrogen atom positions were enriched in D or T
while the other positions have the mnormal abundance of
deuterium and no tritium.

In order to determine whether the methyl group of the
acetic acid exchanged hydrogen during the reaction, silver
acetate was prepared by treating a portion of the acetic
acid medium after the hydrogenation. Tritium analyses
of the hydrogen from the combustion of the silver acetate
showed that such exchange did not take place to within thc
experimental uncertainty of 0.2%,.

Results

A. Isotopic Equilibrium in the System H,-
Acetic Acid.—The approach to isotopic equilibrium
in the reaction: Hy + AcOT(l) 2 HT + AcOH(1)
is shown in Fig. 1. The lower curve refers to an
experiment in which tank hydrogen was shaken
with AcOT containing a large molar excess of acetic
acid relative to hydrogen gas. After two hours,
the radioactivity of the hydrogen gas reached a
constant value. The equilibrium position was
approached in the opposite direction by starting

o START WITH TANK Hp+ EXCESS AcOH. A.CO—T
\ {® START WITH HT. Hp + 1 n i
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o | [ | |
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TIME IN HOURS.
Fig. 1.—Isotopic composition of hydrogen gas (BT/H) as
function of shaking time.
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with hydrogen gas containing uore tritiuni than
thie equilibriun concentration (upper curve).

The approach to isotopic equilibrium i the
reactions

Hy -+ AcOD(l) == HD + AcOH(l) ()
H, + AcOH(l) == HT + AcOH(1) ()

was studied simultaneously by starting witll a
system of tank hydrogen and acetic acid containing
atom fractions of deuterium and tritium equal to
0.03 and 1071, respectively. The gas isotopic
composition relative to equilibrium is a 1neasure
of the approach to isotopic equilibrium and is
plotted as ordinate in Fig. 2. The fractional
approach to isotopic equilibrium as a function of
timne is not significantly different for the hydrogen—
trititun and hydrogen—deuteriun cxchange.

ool .
o

d

0 95—
o (T7H+T)/{T7H+T)equiLisrium

® {VH+D)/ (D/H+D)eauisrium

/
090 //' PROCG

; Hp + AcOT=—=—==HT + AcOH
1 Ho + AcOD===HD + AcOH

0 85-/-
[ LIQUID PHASE. AcOH, AcOT, AcOD {Appox 3 Alom %}
INITIAL GAS  TANK HYDROGEN
{
080% (]
e | ! I
05 ‘0 15 20 25

GAS COMPOSITION RELATIVE TO EQUILIBRIUM,

TIME IN HOURS.
Fig. 2.--Approach to isotopic equilibritun,

The isotope cxchange coefficient an,o for the
rcaction (a) 1s defined as: aupn =+ (D/H)n/
{D/H)¢ where (D/H)y and (D/H)g are the atom
ratios in the carboxyl hydrogen and hydrogen gas,
respectively, at equilibrium. Tlie average of
cxperimients 2-4 1n Table IA viclds a value of 3. 82;
(a.d. = 0.024) at 25.0°.

Tapre I
Isororic ExcaHaNcE COEFFICIENTS
(A) HD 4+ AcOH (1) =2 H: + AcOD (1)
(B) HT + AcOH (1) = > H, 4+ AcOT (1}

1sotopic
Shaking cxchange
time coefficient Remarks
loxpt. 7, °C. {honurs) @ gas uscd
AL
P25 = 0.5 25 3.75 £ 0.07 Ordinary
2 025+ 1 2 3.8 = .07 livdrogen
3 2= .1 2 3.80 = .07 used
4 25+ .1 2 3.79 == .07 Deuteriun-rich gas
Average of 2-4 3.827 (a.d., 0.024)
B.
Po24.5 0.5 2.0 6,88 (201 Ordimary hydrogen
2 24, Ji g 0205 6.8 (4 1) used
o245 % .J 2.5 6.86 (= .1} Tritimn-ricl gas

Average 6,803 (aqd. 0,023)
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The isotopic exchange coeflicient (au.r) for the
reaction (b) is similarly defined as: axr = (T/H)nm
/(T/H)c where (T/H)n and (T/H)g are the atom
ratios in the carboxyl hydrogen and the hydrogen
gas, respectively,  The average of the three experi-
ments m Table IB yields a value of 6.85; (a.d.
+0.02;) at 245 = 0.5°

TaBLE II

MEASUREMENT OF ISOTOPIC FRACTIONATION IFAcTorR DUR-
ING HYDROGENATION AT 25 =+ 0.5°

Prepa- Isotopic composition
ration of gas Factor
JH,D
E Equilibrated 3.835 4 0.07 %, ...
¥ Tquilibrated 3.8 = o7 23toav
G Partial eqnilibration 3.46 = .07
Ju,r
A Lquilibrated 5,41 0.1 .,
B Equilibrated 543 = 1 [ AT
C Partial equilibration 6.01 & .1
D Tank gas 6.00 = .1

The 1sotopic exchange coefficient a1 (Table I)
is constant over a wide range of tritiuni concentra-
tions where the latter atom fraction is small relative
to the concentration of light hydrogen. This is
also the case during the hydrogenation experiments
listed in Table II where the atomi fraction of tri-
tinm 1s approximately 107°. This constancy of
air may be shown by deriving a relationship
between amr and the equlibriuni constant Ag-
(H,T) for the reaction

HT (g) + AcOH (g) == H: (g) + AcOT (g)
At uwtoderate pressures

pus pacor (8)
Ao (T = paT pacon (g
Assuming  that the partial pressures of AcOH
and AcOT follow ideal solution laws, 1t 1s calculated
that
(LT 220 Cere (1

[£9 E T
pCacort

p”acon and p°scor refer to the vapor pressures of
these components, respectively. The vapor pres-
sure ratio AcOH,/AcOT has not been measured.

Tlie isotopic exchange coefficient aup 15 a cou-
stant only at very low (D/H)x compositions, where
it is related to the equilibrium constant A, (H,D)
for tlie reaction :

HD(g1 4 AcOH(g) "= (gl + AcOD(g)

by tlie equation

P acon

an.n = 2K (H,D) "4
P aon

At higher concentrations of deuteriuui, the an
can be related to A, (H,D) by using the equilibriun
constant K’ for the reaction

Hy + Dy === 2HD
The general relationship is

)
wion = 2K, (H, 1),// volt
AeOi)

Tt A4 (ROD Dy 2K (H. DY ‘} "
L4+ QRARESNDE DMy |~
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where R = p°scon/p°acon. Ky (H,D) may be cal-
culated from equation (2) using the following data
and literature values: R = 1.012,” KX’ = 3.25,% and
aup = 3.83 at (D/H)m = 0.03485. Using these
values, K (H,D) at 25° = 1.94.

The vapor pressure of AcOT has not been meas-
ured. Since the vapor pressure ratio AcOT/
AcOH probably does not differ from unity by more
than three per cent., it may be assumed for the
purpose of this calculation that the increase in
vapor pressure of AcOT is double that of AcOD
relative to AcOH. Using 1.024 for this ratio,
K (H,T) may be calculated from equation (1)
as 3.51 (£49%).

B. Fractionation Factors in Catalytic Hydro-
genation.—The hydrogen gas—acetic acid—plati-
num catalyst system studied above was used for
the hydrogenation of the double bond in methyl
3a-acetoxy-All.cholenate (compound I). It was
observed that the isotopic composition of the
medium (T/H)m and (D/H)y was of principal
importance in determining the isotopic content of
the hydrogenated compound II while the initial
composition of the hydrogen gas, (T/H)g and (D/
H)g, was of minor importance. Consequently
it was considered desirable to calculate a practical
fractionation factor, f, where fup = (D/H)x/
(D/H)c and fur = (T/H)m/(T/H)c. Since the
acetic acid was present in large molar excess, the
values for (D/H)m and (T/H)m are essentially
constant during the hydrogenation.

Several types of control experiments were run in
order to check the absence of isotopic exchange
during the hydrogenation which could invalidate
the calculation of f. The methyl group of the
AcOT did not incorporate tritium by isotopic
exchange when treated with hydrogen gas and
platinum catalyst under the hydrogenation condi-
tions. Treatment of the saturated compound II
with hydrogen gas and platinum catalyst in the
AcOT medium showed that less than 19, of the
tritium per atomic position was incorporated.
Hydrogenation of I using deuterium gas (99.69%,)
and AcOD made from acetic anhydride and D,O
(99.8%,) yielded in two such syntheses 2.02 = 0.06
and 1.96 = 0.06 gram atoms of deuterium per
mole. From the average result 1.99 = 0.06, it is
concluded that, within experimental error two
deuterium atoms are incorporated into II under
the hydrogenation conditions in these experiments.
Therefore, the calculations of the isotopic fractiona-
tion factors shown in Table I were made from the
isotopic analyses of IT on the basis that exactly two
liydrogen atoms were incorporated during the
hydrogenation.®

The fractionation factor results are shown in
Table II. In the measurement of fu,p, the medium
contained AcOD in which (D/H)ym was approxi-

(7) J. O. Halford and L. C. Anderson, THIs JOURNAL, 58, 736 (1936);
Lange's Handbook, th edition.

(8) H. C. Urey, J. Chem. Soc. 562 (1947).

(9) Our analytical data do not preclude the possibility that a small
amount of isotopic exchange takes place in the immediate vicinity of
the 11,12-positions during the hydrogenation. For this reason, refer-
ence has been made above to the isotopic composition of the hydrogen
atoms incorporated in II during the hydrogenation in preference to the

use of the phrase hydrogen atoms entering the double bond during the
reduction.
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mately unity. In the measurement of fu,r(T/H)m
was approximately 107°. Using the average of
preparations E and F, it is seen that when hydrogen
gas in isotopic equilibrium with the carboxyl
hydrogen of the medium is used, light hydrogen
is preferentially incorporated into I by a factor of
3.31 (=29%,) relative to the isotopic composition
of the carboxyl hydrogen. In preparation G, the
hydrogen gas was richer in protium as a result of
only partial equilibrium prior to the hydrogenation.
The observed factor was shifted to 3.46 (+29%,).
Using the average of preparations A and B in the
case of isotopically equilibrated gas, protium is pre-
ferentially incorporated into II by a factor of 5.42
(£29,) relative to the isotopic composition of the
carboxyl hydrogen. In preparation C, the par-
tially equilibrated gas was richer in light hydrogen
than the equilibrium mixture. A factor of 6.01
+0.1 was observed. In preparation D, tank hy-
drogen was used, resulting in the factor 6.03 =
0.1.

The data for preparation F provide an additional
check on the consistency of the fractionation factors
fu,p and fgr in Table II. The major purpose of
this experiment was the direct determination of
fu.p, and for this purpose the (D/H)m was approxi-
mately one. The medium also contained an atom
fraction of T approximately equal to 10™% The
(D/H)m was known; (D/H)c was measured
directly. fup was 3. 28.  Tritium analyses of II
permitted calculation of a quantity directly propor-

tional to the atom fraction of tritium, % Iﬁﬁ]c.
__T__] was
H 4+ DM,

known from the preparation of the acetic acid.
The following equations were used to calculate

fa,r and fpr
T D
Jur = (T/H)u/(T/H)e = EEE_H) (1 + ﬁ)u

D
D3 H)u (1 + ﬁ)c

JESIEE)
‘_D—I—H:] l, +D:]

The experimental values for these quantities were
. o T N

(D/H)x = 1.0355, (D/H)e = 0.316; (D g B

T

’ 4N . = ! =4 5

k' (7.04 X 10%); (D H>M k' (245 X 10%).

These values yield the following fractionation
factors: fu,p = 3.28 (Table II); fu,r = 5.38;
fo,r = 1.64. This value for fg,r is within 19} of
the average 5.42 in Table II. The isotopic com-
position of the carboxyl hydrogen in these two
media was considerably different. In the former
case, (H/D) was approximately one, while in the
latter case, the deuterium was in normal abundance.

A value for fo,r may be obtained from the
results in Table II by dividing fu,r by fu,n

four ~ (T/H)w(T/H)c
BT = (D/Hm(D/H)e

The corresponding quantity, k[

and

= (T/D)u/(T/D)c

= 5.42/3.315 = 1.635
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The isotopic fractionation factors listed in Table
II have been defined relative to (D/H)y and
(T/H)w. This definition was used since, as has
been shown, the isotopic composition of the
niedium dominates the (D/H)c and (T/H)c in the
liydrogenated compound II. The usefulness of this
definition has been shown by noting the consistency
of the fp,r measured in one experiment with the
JSu,rand fg,p.  On this basis, it is seen that relative
to the medium, H is preferentially incorporated
with respect to T by the factor 5.42 and witli respect
to D by the factor 3.31; at 25°.

It has been shown from the results of experintent
D in Table II that the isotopic composition of the
ntedium determines (T/H)c and (D/H)e. It may
therefore be assunied that the hydrogen gas, in
isotopic equilibrium with the medium at the start,
rantained m isotopic equilibrimun throughout the
hyvdrogenation. Under these conditious, the gas
compositions (T/H)s and (D/H)s would be
cssentially constant, since (T/H)y and (D/H)y
remain unchanged. It was therefore possible to
express the isotopic {ractionation factors with
respect to the gas—compound II system as

e = (T/He/(T/H)s = awnr/far (3)

At 25°, f'g,r = 1.26 when the previously deter-
nuned values 6.83; and 5.42 for ay,» and fu,r
are substituted in equation 3. This calculation
indicates a preferential incorporation of the heavier
isotope relative to the equilibrium gas by the factor
1.26.  The corresponding factor

Fan = (D/I)e/(D/H)e = cauv/fu.n (4}

can be calculated in a shimilar manner. When
(D/H) is equal to oue, an,p is 3.66 (eq. 2). Using
fu,p equal to 3.31; the calculated value for f'y,p
is 1.10. This result again shows a slight prefer-
ential incorporation into (II) of the heavier 1sotope
relative to the gas composition (ID/Hc.

Discussion

Our experinents have shown that the isotopic
coniposition of the carboxyl hydrogen is of principal
tmportance in determining the isotope ratios for
the hydrogen atoms incorporated during the reduc-
tion. This was observed in the preparation D
(Table ITI) where the fu,r increased slightly to 6.03
when tank hydrogen countaming no tritium was
used in the reduction. This dominant influence
of the niedium was confirmed by reducing I using
ordinary acetic acid and 99.69, deuteriuin gas.
Despite this high concentration of deuterium i the
gas at the start, the ratio of deuterium to liglt
liydrogen in the hydrogen atoms incorporated into
IT during the hydrogenation was found to be less
than 0.01. These results support the hypothesis
that isotopic exchange between dissolved hydrogen
and carboxyl hydrogen or hydrogen ion is rapid
relative to the reduction steps. As a result of this
isotopic exchange, the isotopic composition of the
dissolved gas rapidly attains a value related to that
of the medium by the exchange coefficients, «,
(Table I). The use of a different medium can vield
different relative rates ol exchange and reduction.
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For example, Rittenberg, et al.,'° found that the
catalytic reduction is faster than the isotopic
exchange between the hydrogen and water in the
catalytic hydrogenation of maleic acid in aqueous
solution using active platinum or palladiuui.

Our experiments have shown also that the iso-
topic coinposition of the hydrogen atoms incorpor-
ated iuto II during the reduction is not equal to
that for thie carboxyl hydrogen. Taking the latter
1sotopic composition as a basis, it was found that
light hydrogen was preferentially incorporated
by a factor of 3.31 and 5.42 relative to deuterium
and tritium, respectively. These practical frac-
tionation factors fu,r and fu,p are of interest in
counection with the synthesis of tracer compounds
containing T and D for which the conditions and
mieclianisms are similar to those for the reaction
outlined above. In tracer metabolismn studies, it
1s soutetimes desirable to obtain the labeled com-
pound witli us high a specific activity as possible.
In the experinents described above, the reduced
compound II is diluted with respect to the heavier
isotopes in accordance with the fractionation
factors fu,p and fu,r.

That the heavier isotopes are preferentially
incorporated into I by a factor of 1.10 and 1.26
for deuterium and tritiwn, respectively, relative
to the hydrogen gas composition is of interest, since
the lighter isotopes are known to react more rapidly
in many reactions that involve the rupture of a
relatively strong valence bond. This was con-
firmed recently in the photochlorination of CHCI;!!
and the oxidation of succinic acid in the presence
of the succinic acid oxidase enzyme system.!?
Bigeleisen,!® following a general treatment of the
influence of the partition functions of the reacting
molecules and the activated complex on relative
isotopic rates showed that the order of rate con-
stants for reactions involving free hydrogen atoms
as reactants will be 2r > kp > ku. Polanyi
reached a similar conclusion after consideration of
zero pomt energies for initial and activated state.
These considerations will be applicable to the
results of these experiments if it is assumed that the
reacting hydrogen atoms are relatively loosely
bound at the catalyst surface,'® so that isotopic
zero point energy differences here are small. The
isotopic fractionation factor would also be affected
by the isotopic exchange coefficient between hy-
drogen in the gas phase and at the catalyst surface.
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