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The carbon-13 isotope effect on the ionization of tri­
phenylmethyl chloride to triphenylcarbonium ion has 
been determined by measuring the electrical conductivi­
ties of normal triphenylmethyl chloride and triphenyl-
methyl-l-Clz chloride in liquid sulfur dioxide solution 
atO°: KuIKn = 0.9833 ± 0.0032. A theoretical analy­
sis of this isotopic system shows that this unusual inverse 
isotope effect can be reproduced in a model system of 
abbreviated "molecules" which consist only of the iso-
topically substituted atom and the atoms bonded directly 
to it. This analysis also reveals that the cause of the 
inverse isotope effect in the real system must be much 
stronger carbon-phenyl bonds in triphenylcarbonium 
ion than in triphenylmethyl chloride; this bond strength­
ening is enough to offset the loss of a carbon-chlorine 
bond. An extension of this reasoning provides an ex­
planation for the unusually small kinetic isotope effects 
which have been observed in 5N7 substitution at carbon. 

Introduction 
The rate-determining step in nucleophilic substitu­

tion at saturated carbon by the SNI mechanism con­
sists of the breaking of a bond to carbon with no con­
comitant covalent bond formation. Since this is a 
pure bond-breaking process, it should show a large 
primary carbon isotope effect. However, ignite the 
opposite has been observed experimentally. The hy­
drolysis of r-butyl chloride in aqueous dioxane at 25° 
has a carbon-14 isotope effect of 1.037 (ku/ku) and the 
solvolysis of a-phenylethyl bromide has carbon-13 
isotope effects of 1.007 (kn/ku) in methanol at 25° and 
1.006 (ku/kn) in ethanol at 45 °.8 These are unusually 
small rate ratios for bond breaking at carbon. They 
are, moreover, significantly smaller than carbon 
isotope effects observed in SN2 substitution,9 which is a 
process in which bond formation accompanies bond 
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breaking and which might be expected, therefore, to 
show smaller isotope effects than SNI substitution. 

It has been suggested that these unexpectedly small 
isotope effects in SNI substitution are the result of 
secondary changes in the nonreacting bonds to the car­
bon atom at which substitution is taking place.38 As 
reaction occurs, these bonds will be strengthened 
through conjugative interaction between the develop­
ing positive charge and neighboring phenyl or methyl 
groups. Such conjugation increases the bond order of 
these bonds, this increase in bonding offsets the de­
crease produced by breaking of the reacting bond, and 
this compensation serves to lower the isotope effect. 

It is difficult to verify this explanation in the systems 
to which it pertains. The magnitude of kinetic isotope 
effects depends on mechanical properties of transition 
states as well as initial states. Since transition states 
cannot be observed directly, their translations, rotations, 
and vibrations cannot be determined with certainty. 
Isotope effects on equilibria, however, are more amen­
able to exact calculation. Here the two states involved 
are both stable, each can be observed directly, and their 
properties can, at least in principle if not always in 
practice, be determined completely. Kinetic processes 
are commonly interpreted in terms of equilibrium 
reactions between initial states and transition states, 
and this is, in fact, the treatment universally employed 
in theoretical discussions of isotope effects. Since, 
from this point of view, there is no fundamental dif­
ference between kinetic and equilibrium phenomena, 
information concerning the low magnitude of isotope 
effects on SNI substitution might be obtained from 
examination of suitable equilibrium reactions. 

The ionization of triphenylmethyl chloride in liquid 
sulfur dioxide is a reaction which quickly comes to 
equilibrium giving triphenylmethyl cation and chloride 
anion uncomplicated by secondary changes.10 This 
process is a good model for SNI substitution at satu­
rated carbon; indeed, it can be considered to be a 
limiting SNI reaction, i.e., a process completely devoid 
of SN2 character. We have, therefore, examined the 
carbon isotope effect on this equlibrium in an effort 
to gain insight into kinetic isotope effects on SNI 
substitution. 

Isotope effects can be measured by two general 
methods: direct determination of rate or equilibrium 
constants for normal and labeled species in separate 
experiments, and comparison of isotopic content of 

(10) N. N. Lichtin in "Progress in Physical Organic Chemistry," 
Vol. I, Interscience Publishers, New York, N. Y., 1963, pp. 87-100. 
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reactants and/or starting material in an experiment in 
which both species are allowed to react simultaneously. 
The second of these techniques, the competition method, 
is usually an order of magnitude more precise than the 
first, and since carbon isotope effects are seldom greater 
than 1.1, the competition method has been used ex­
clusively for their measurement. This method re­
quires separate isotopic analysis of starting materials 
and reactants (or starting material before reaction and 
near complete reaction) and so depends for its success 
on a clean separation of reactants and products. The 
equilibrium between triphenylmethyl chloride and 
triphenylmethyl cation, however, is a very mobile one, 
and products cannot be isolated without disturbing 
the system. Fortunately, the extent of ionization of 
triphenylmethyl chloride can be measured by a con-
ductometric method which is capable of high precision,10 

and the ratio of two ionization constants can be 
determined to ± 0 . 3 % . u This approaches the pre­
cision obtainable with the competition method. 
Carbon-13 is now available at high enrichments, and 
an experiment in which equilibrium constants of normal 
triphenylmethyl chloride and triphenylmethyl-1-C13 

are determined separately is feasible. The results of 
such an experiment are described below. We believe 
this to be the first instance of the determination of a 
carbon isotope effect by separate measurements of two 
rate or equilibrium constants. 

Experimental 

Benzoic-a-C13 Acid. The vacuum line method of 
carbonating Grignard reagents described by Murray 
and Williams12 was employed. From 250 ml. of 0.22 
M phenylmagnesium bromide in ethyl ether and 10.5 
g. of barium carbonate-C13 (Atomic Energy Research 
Establishment, Harwell, England, 66.1 atom % carbon-
13), 4.85 g. of benzoic-a-C13 acid was obtained (75% 
yield), m.p. 121.5-122.2°, 66.0 ± 0.5 atom % ofcarbon-
13 at the labeled position.13 

Triphenylmethanol-l-C13. Benzoic-a-C13 acid (4.75 
g.) was esterified with absolute ethanol (10 ml.) in 
benzene (30 ml.) with a sulfuric acid catalyst (5 drops). 
The mixture was heated under reflux and water was 
withdrawn by azeotropic distillation as it formed. 
When no more water separated, the reaction mixture 
was cooled, washed with water, dilute aqueous sodium 
bicarbonate, and water, and the resultant benzene solu­
tion was dried over Drierite. The benzene was re­
moved by fractional distillation through an efficient 
column (10-15 plates), and the residue was used di­
rectly for reaction with phenylmagnesium bromide. 

The ester, dissolved in 20 ml. of dry benzene, was 
added under a nitrogen atmosphere to 100 ml. of well-
stirred 1.1 M phenylmagnesium bromide in ethyl 
ether at a rate just sufficient to maintain reflux. The 
reaction mixture was then heated under reflux for 2 
hr., cooled, and decomposed with dilute aqueous sul-

(U) N. N. Lichtin, E. S. Lewis, E. Price, and R. R. Johnson, J. Am. 
Chem. Soc, 81, 4520(1959). 

(12) A. R. Murray and D. L. Williams, "Organic Synthesis with Iso­
topes," Interscience Publishers, Inc., New York, N. Y., 1958, part I, p. 
86. 

(13) Carbon-13 assay was performed by Dr. D. R. Christman of 
Brookhaven National Laboratory. Carbon dioxide resulting from 
complete combustion was subjected to mass spectrometric analysis, and 
isotopic content at the labeled position was calculated assuming all 
other carbons had the natural abundance of carbon-13 (1.1 %). 

furic acid. The ether layer was separated and washed 
with water, dilute aqueous sodium bicarbonate, and 
water. The solvent was removed in a nitrogen stream 
at steam bath temperature and the pasty residue sub­
jected to steam distillation. The yellow solid, remain­
ing after about 300 ml. of steam distillate had been col­
lected, was collected, dried, and recrystallized from 
hexane to give 5.92 g. (60% yield) of white crystalline 
solid, m.p. 149-158°. This material was purified by 
repeated recrystallization alternately from methanol 
and from hexane. Three recrystallizations gave 3.50 
g. of triphenylmethanol-1-C13, m.p. 162.2-163.0°, 
65.1 ± 0.4 atom % carbon-13 at the labeled position.13 

Triphenylmethyl-1-C13 Chloride. A solution of tri-
phenylmethanol-1-C13 (3.40 g.), acetyl chloride (2.3 
g., J. T. Baker Chemical Co., Analyzed reagent), 
and sodium-dried benzene (1.1 ml.) was heated under 
reflux for 1 hr. while protected from atmospheric 
moisture. The resulting clear solution was cooled in 
an ice bath and 3.0 ml. of cold, dry pentane was added. 
The granular precipitate which formed was collected 
rapidly by suction filtration, washed with a small 
amount of cold pentane, and dried in a vacuum desic­
cator. The dried material weighed 2.40 g. (68 % yield), 
m.p. 111-113°. This was purified by recrystallization 
from ethyl ether in an apparatus which allowed crystal­
lization and suction filtration in a nitrogen atmosphere. 
Recrystallization was repeated until a substance with 
a sharp melting point of 113° was obtained. (Usually 
two to three recrystallizations were sufficient.) The 
purified substance contained 65.6 ± 0.1 atom % of 
carbon-13 at the labeled position.13 

Triphenylmethyl Chloride. Unlabeled material was 
prepared from normal barium carbonate (Mallinckrodt, 
analytical reagent) by a procedure identical with 
that described for the C13-labeled compound. Isotopic 
analysis confirmed normal abundance of carbon-13 
(1.1 atom %). 

Analysis of Solutes. Two different preparations 
(A and B) of each of the solutes, triphenylmethyl chlo­
ride and triphenylmethyl-1-C13 chloride, were used. 
Their equivalent weights were determined by dissolving 
aliquots in purified acetone, hydrolyzing with excess 
0.1 N alkali, and determining the remaining base by 
acidimetric titration to a bromothymol blue end point. 
Standard deviations of replicate analyses were no 
greater than ±0 .1%. Triphenylmethyl chloride: prep­
aration A (I), 278.5; preparation B (I, II, III), 278.7; 
theory, 278.8. Triphenylmethyl-1-C13 chloride: prep­
aration A (I), 279.3; preparation B (II, III), 279.1; 
theory, 279.4. The Roman numerals following the 
letter designating a given preparation indicate the 
groups of conductance runs in which it was employed 
(see next section). 

Conductance Measurements. All solutions of labeled 
and unlabeled triphenylmethyl chloride in sulfur di­
oxide were prepared on the vacuum line by procedures 
which have been described previously14-16 using re­
distilled and degassed Virginia Smelting Co. "Extra 
Dry" or Matheson "Anhydrous" sulfur dioxide. 
Conductances were measured with a bridge16 in three 

(14) N. N. Lichtin and H. P. Leftin, / . Phys. Chem., 60, 160 (1956). 
(15) N. N. Lichtin and P. D. Bartlett, / . Am. Chem. Soc, 73, 5537 

(1951). 
(16) N. N. Lichtin and H. Glazer, ibid., 73, 5537 (1951). 
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Table I. Mean Values for Individual Sets of Conductance Measurements 

Set" 

I 
II 

III 

-—Number of solutions—. 
(C6Hs)3CCl (C6Hs)3C

1SCl 

6 6 
6 8 
7 8 

Dilution of the solutions, M~l 

(C6Hs)3CCl 

278.1 ±1.5« 
87.3 ± 4.1« 

289.7 ± 0.5« 

(C6Hs)3C
13Cl 

277.2 ± 2.1« 
85.5 ± 4.2« 

291.3 ± 1.1« 
Grand mean: 

A12/A13 

0.9876 
0.9866«* 
0.9901'' 
0.9890 

Std. dev. 
of mean 

0.0061 
0.0043 
0.0026 
0.0021 

0 See Conductance Measurements section of the text. b Experimental results not corrected to 100% carbon-13 at the labeled position. 
« Mean deviation. i Where two different carbon-13 data points were paired with the same carbon-12 value, the KnJKu ratio was given a 
statistical weight of 0.75. 

different kinds of cells; these measurements are desig­
nated sets I, II, and III. Resistances were measured 
to at least ±0.5 ohm which corresponds to a precision 
of ±0.03% or better. The measurements of set I 
were made in a single internal dilution cell which has 
already been described.11 The measurements of sets 
II and III were made in cells of 5-ml. and 50-ml. ca­
pacity, respectively, which were otherwise similar to 
the electrode arm of the internal dilution cell used in 
set I except that no mixing bulb was provided. Mixing 
was accomplished in these cells in a length of sealed-off 
tubing through which the cell had initially been sealed 
to the vacuum line. The cells used in sets II and III 
had volume-calibrated necks graduated in 0.05-ml. 
units which permitted interpolation to 0.01 ml. Meas­
urement of volume was precise to about ±0.02% in 
the cells used in sets I and III and to about ±0 .2% 
in the cells used in set II. Sample weights were meas­
ured on a microbalance17 using 50-mg. samples in sets 
I and III and 15- to 20-mg. samples in set II. This 
provided a precision of at least ±0.05%. Large de-
war flasks filled with distilled water and ice which had 
been washed with distilled water served as thermo­
stats; this gave a temperature constant to ±0.002°. 
In all measurements cells were immersed in these baths 
so that menisci were 1 cm. below the upper surface 
of the bath. No corrections were made for solvent 
conductivity since this was negligible compared to the 
conductivities of the solutions employed. 

Treatment of Data 

The computational procedure used to calculate the 
isotope effect on the ionization of triphenylmethyl 
chloride10 provides a ratio of equilibrium constants 
ATexp

 12/-K«p18- These constants are functions of ioni­
zation constants, AT1, and dissociation constants, AT2. 

RCl R+Cl- Cl-

AT1AV(I + K1) 

(1) 

(2) 

Of these, only Kj. changes with isotopic subs t i tu t ion ; 
K2 is a funct ion of ion size and so is the same for 
labeled and unlabeled t r iphenylmethyl chlor ide. Since 
the ioniza t ion cons tan t , AT1, for t r iphenylmethyl chlo­
r ide is of the order of 1.5 X 1 0 - 2 , and since Kexp

lij 
ATexp

 13 differs from unity by only 1 % (see below), the 
ratio AT1

1VAT1
13 will be different from Kexp

12/Kexv
ls 

by an amount (0.0001) less than the precision of these 
experiments (±0.0026). In the subsequent discussion, 
therefore, the isotope effect will be designated simply 
as Ku/Kn. 

The data of set I were all obtained in a single cell of 

(17) We are indebted to Professor C. G. Swain for the use of a micro-
balance in his laboratory at the Massachusetts Institute of Technology. 

known constant, and they were reduced explicitly to 
individual equilibrium constants through the use of 
Shedlovsky's equation18 

K = 
[S(Z)A/J* 

FA0[A0 - AS(Z)] 
(3) 

Activity coefficients were calculated by the Debye-
Hiickel method using Bjerrum's q, 19.92 A.,10-11 as 
the distance parameter. AT12 and AT13 were then ob­
tained separately by averaging appropriate constants. 
The data of sets II and III were obtained in six cells 
of each type (cf. Conductance Measurements above) 
whose cell constants were not determined. The isotope 
effect Ki2JKu was calculated directly from the data for 
each cell using eq. 15 of ref. 10. Average experimental 
values for each set of measurements are presented in 
Table I. The grand mean of these three average 
values was calculated by weighting each average in in­
verse proportion to the square of its standard devia­
tion, and the standard deviation of the grand mean 
was calculated in the usual way.19 

These values of the isotope effect on the ionization 
of triphenylmethyl chloride compare the normal sub­
strate with one which is a mixture of triphenylmethyl-
1-C13 chloride (65.6 mole %) and normal triphenyl­
methyl chloride (34.4 mole %). They can be trans­
formed to ratios for 100 mole % triphenylmethyl-1-C13 

chloride by use of the relationship 

(ATi2/A"13)0bsd Ki, 

AT13 1 + . / ? [ ! — (ATu/ATisJobsd] 
(4) 

Here R is the ratio of carbon-12 to carbon-13 at the 
labeled position of triphenylmethyl-1-C18 chloride, and 
(AT12ZAT13)ObSd is the experimentally observed isotope 
effect for the incompletely labeled substrate. The 
derivation of eq. 4 follows directly from the operational 
definition of the equilibrium constant measured in 
solutions of the mixture of labeled and unlabeled sub­
strate 

( •^13)0 
(Ri8

+Cl-) + (R13
+Cl-) 

(Ri2Cl) + (Ri3Cl) 

with the assumption that 

ATexo 

K l 3 

Jvexp 

AT 1
1 2 

AT 1
1 3 

(5) 

(6) 

within the accuracy of this work (see above). It neg­
lects the carbon-13 content (natural abundance, 1.1%) 
of the unlabeled material. This method gives an iso-

(18) T. Shedlovsky,/. Franklin Inst.,225, 739(1938). 
(19) A. G. Worthing and J. Geffner, "Treatment of Experimental 

Data," John Wiley and Sons, Inc., New York, N. Y., 1943, p. 196. 
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tope effect of 0.9833 ± 0.0032 (KnIKu) for the ioniza­
tion of triphenylmethyl chloride. 

Calculation of the Isotope Effect 

The ionization reactions for the two isotopic species 
of triphenylmethyl chloride 

Ph3Ci2Cl ^ Z * : Ph3Ci2+
 + Cl- (7) 

K13 

Ph3C
1Cl 7-»* Ph8C3+ + Cl- (8) 

can be combined to form an isotope exchange reaction 
K 

Ph3C
12Cl + Ph3C

1' + -^H Ph3C
12 + + Ph3C

13Cl (9) 

The equilibrium constant for this reaction is the iso­
tope effect 

K = KuIKu (10) 

It can be expressed in terms of "reduced" partition func­
tions,/, as denned by Bigeleisen and Mayer20 

Kw/Ku = /ph3cci//phic (H) 

n - 4 r — ' „ (12) 
^12,(1 — 

Ui = hcvi/kT 

)euu" 

(13) 

Here, N is the number of atoms in the molecule to which 
/ refers, s is its symmetry number, and v{ are the vibra­
tional frequencies of its normal modes in units of cm. -1. 
In the present case, isotopic substitution does not 
change the symmetry of either reactant or product, 
and the symmetry number ratios are unity. Tne 
first product on the right side of eq. 12 can also be ex­
pressed in terms of molecular masses, M, atomic 
masses, m, and principal moments of inertia, I A , ZB, 
and Ic, through application of the Teller-Redlich 
product rule. 

3 ^ 6 ^ = ^A(U)ZB(I3)ZC(IS)V7 ' (Mu\
h / w " ^ ' 

. = 1 î2,- \ZA(W)ZB(W)Zc(is) / V-̂ Zw/ \mi3 / 
(14) 

These equations make it possible to calculate the 
equilibrium constant for an isotope exchange reaction 
exactly, provided only that the frequencies of all 
the normal vibrational modes of each molecule partici­
pating in the reaction are known. But these data are 
seldom at hand for a molecule of any size or complexity. 
In the present case, a number of vibrational frequencies 
of triphenylmethyl chloride and triphenylcarbomum 
ion and their a-carbon-13 analogs have been assigned, 
but this analysis is not complete.21 Equation 11 will 
not, of course, give the correct result if only some 
vibrational frequencies are included, and an exact 
calculation of the isotope effect is not possible in the 
present case. 

As a substitute for exact calculation of the carbon-13 
isotope effect on the equilibrium ionization of triphenyl­
methyl chloride, we have performed a number of cal­
culations on model systems using simplified "molecules" 
to represent the species of eq. 9. In these calculations, 
vibrational frequencies of all the normal modes of the 

(20) J. Bigeleisen and M. G. Mayer, J. Chem.Phys., 15, 261 (1947). 
(21) A. Tsukamoto, R. E. Weston, Jr., and N. N. Lichtin, Spectro-

chim. Acta, to be published. 

simplified molecules were evaluated exactly. These 
frequencies were then used to calculate reduced parti­
tion functions, / , and the reduced partition functions 
were combined into isotope effects. Vibrational fre­
quencies were evaluated by the usual kind of normal 
coordinate calculation; an IBM 7090 computer pro­
gram, written by Schachtschneider22 and modified 
by Wolfsberg,23 was used. The input data which 
this program requires are force constants, bond lengths, 
and bond angles. Values of these parameters were 
chosen which correspond as closely as possible to 
reality; some of the criteria for these choices will be 
described below. 

Model Systems. A theoretical investigation of the 
factors underlying isotope effects shows that the 
magnitude of primary isotope effects is governed 
chiefly by changes in force constants of bonds made 
directly to the isotopically substituted atom.23 To a 
good approximation,, therefore, primary isotope effects 
can be understood by considering only the isotopically 
substituted atom and those atoms which are bound 
directly to it. (Additional support of this assumption 
comes from the success of the calculations described 
below.) In this work we have chosen simplified mole­
cules which conform to this approximation: as a model 
for triphenylmethyl chloride, we used the XY3Z "mole­
cule" C3CCl and for triphenylcarbonium ion, the XY3 

"molecule" C3C. 
No detailed structural information is available for 

triphenylmethyl chloride, but there is no reason to 
believe it has abnormal geometry. We therefore as­
sumed tetrahedral symmetry for C3CCl with carbon-
carbon bond distances of 1.54 A. and a carbon-chlorine 
bond distance of 1.76 A. Structural information is 
available for triphenylcarbonium ion: an X-ray dif­
fraction study of triphenylmethyl perchlorate has been 
made.24 This work shows that the three central carbon-
carbon bonds of triphenylcarbonium ion are coplanar 
with bond lengths of 1.417 ± 0.015 A. and bond 
angles of 120 ± 2°. The same geometry was assumed 
for C3C. 

In the frequency calculations, simple valence force 
fields with no interaction force constants were used. 
The potential energy function which was employed for 
the reactant model, C3CCl, is 

IV = Md1' + d2* + J3
2) + /D£>2 + UaS + a2

2 + 

«3
2)+/a(/3i2 + ft2 + ft2) (15) 

Here d and D are the deviations from equilibrium 
positions for a C-C bond and a C-Cl bond, respectively, 
and a and /3 are similar deviations for C-C-C and C-C-
Cl angles. This specifies fd and fD as C-C and C-Cl 
stretching force constants, respectively, and / a and/ g as 
C-C-C and C-C-Cl bending force constants. The 
potential energy function which was used for the prod­
uct model, C3C, is 

2 V =fd+{dS + d^ + d^) +fa+(aS + a2
2 + a3

2) + 

A+(Ti2 + T22 + 732) (16) 

Here d is the deviation from the equilibrium position 

(22) J. H. Schachtschneider and R. G. Snyder, ibid., 19, 117(1963). 
(23) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225(1964). 
(24) A. H. Gomez de Mesquita, "On the Structure of Triphenyl­

methyl Perchlorate, A Crystallographic Investigation," dissertation 
submitted to the University of Amsterdam, Sept. 1962. 
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for a C-C bond, a is the deviation from the equi­
librium position for a C-C-C angle in the plane of the 
molecule, and 7 is the angular deviation of a terminal 
atom from the plane denned by the other three atoms. 
The force constant /<*+, then, refers to C-C stretching, 
and / a

+ and/ 7
+ refer to in-plane and out-of-plane bend­

ing, respectively. 
Seven force constants are needed for the calculation 

of vibrational frequencies using these potential energy 
functions. These were selected by analogy with related 
molecules wherever possible. Stretching force con­
stants for the reactant model, fd and fD, were chosen 
with the help of standard compilations.22'2526 Two 
values for each were selected, fd = 4.00 and 4.50 
mdynes/A. and fD = 3.00 and 3.40 mdynes/A., and 
calculations were performed using these in different 
combinations. Choice of a stretching force constant 
for the product model, C3C, was less straightforward 
because no complete vibrational analysis has been 
carried out on a molecule containing a positively charged 
carbon which is attached to other carbons by trigonal 
bonds. A partial analysis of the infrared spectrum 
of trimethyl- and dimethylcarbonium ions, however, 
indicates that this force constant should be larger 
than the corresponding force constant for paraffinic 
hydrocarbons.27 Consideration of the length of the 
C-Ph bonds in triphenylcarbonium ion leads to the 
same conclusion: these bonds were found to be 1.42 
A. long,24 which is much shorter than the length of a 
normal C-C bond (1.54 A.) and nearly as short as a 
C-C bond in benzene (1.40 A.). An estimate using 
Gordy's version28 of Badger's rule indicates that the 
force constant for a C-C bond of this length should be 
40% larger than that for a C-C bond of 1.54 A. This 
agrees quite well with the 35% increase found in the 
work on trimethyl- and dimethylcarbonium ions.27 

Consequently, a value of 6.30 mdynes/A. was chosen 
for the calculations of the vibrational frequencies of 
the product model, C3C. This value, however, pro­
duced stretching frequencies which were considerably 
higher than the tentative assignments made for C-Ph 
stretching in the triphenylcarbonium ion,21 and some 
calculations were therefore made using the lower value 
of 5.00 mdynes/A. 

The choice of appropriate bending force constants 
was somewhat more difficult because considerable 
variation appears in the reported values of these. 
Fortunately, bending force constants are an order of 
magnitude smaller than stretching force constants, 
and errors in their estimation are likely to have a 
smaller effect on isotope effect calculations. In a 
vibrational analysis of a series of alkyl halides and 
related substances,26 nearly identical values of C-C-C 
and C-C-Cl bending force constants were successful; 
these force constants were therefore set equal to one 
another in the present work (fa = fB). A value of 0.22 
mdyne/A. for f Jd2 was used in most of the calculations, 
but, since this is only half the value used in the analysis 
of a number of saturated hydrocarbons,22 a few calcu­
lations were also done withfjd2 = fp/dD = 0.44 mdyne/ 

(25) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, "Molecular 
Vibrations," McGraw-Hill Book Co., Inc., New York, N. Y., 1955. 

(26) S. I. Mizushima,/. Chem. Phys., 21, 215 (1953). 
(27) G. A. Olah, E. B. Baker, J. C. Evans, W. S. Tolgyesi, J. S. Mc-

Intyre, and I. J. Bastien,/. Am. Chem. Soc, 86, 1360(1964). 
(28) W. Gordy, J. Chem. Phys., 14, 305 (1946). 

A. Selection of bending force constants for the prod­
uct model, fa

+ and / T
+ , is again attended by the dif­

ficulty that no vibrational analysis has been done on a 
sufficiently similar molecule. The closest analog to 
triphenylcarbonium ion for which this is available is 
isobutene, and here an in-plane bending force constant 
(fa

+ld2) of 0.68 mdyne/A. and an out-of-plane bending 
force constant (f-,+/d2) of 0.62 mdyne/A. were used.29 

These two values are nearly equal, which is also true for 
the in-plane and out-of-plane bending force constants 
of alkylcarbonium ions.27 On the other hand, in a 
series of planar tetratomic molecules, the out-of-plane 
bending force constant is consistently larger than the 
in-plane bending force constant and is, moreover, 0.1 
to 0.2 times the stretching force constant.80 Because 
of these uncertainties, a number of values ranging from 
0.22 to 0.90 mdyne/A. were used for these force con­
stants in the present calculations; these values were 
used in combinations which included fa

+ = fy
+ as 

well as/a+ < /7+. 

Vibrational Frequencies and Isotope Effects of the 
Model Systems. The vibrational frequencies calcu­
lated for these model systems are presented in Table II 
and the reduced partition functions in Table III. The 
infrared spectra of triphenylmethyl chloride and tri­
phenylcarbonium ion as well as their a-carbon-13 
analogs have been measured, and a number of fre­
quency assignments have been made.21 Some com­
parison of the calculated frequencies with observed 
values is therefore possible. In making these com­
parisons, however, it should be borne in mind that 
off-diagonal force constants (those corresponding 
to interactions between internal coordinates) were 
neglected in the calculations. Off-diagonal force 
constants are generally much smaller than diagonal 
force constants, and the effect of this neglect on parti­
tion function ratios is probably not important. It 
may, however, introduce significant errors (of the order 
of a few per cent) in the calculated frequencies. 

For the "molecule" C3CCl, the calculated frequencies 
for all models except R5 (Table II) agree fairly well with 
measured frequencies. (R5 is the only model in which 
the bending force constant fa was assigned the higher 
value 0.44 mdyne/A. The lack of agreement seems to 
indicate that this value is too large.) The C-Ph 
stretching frequency in triphenylmethyl chloride has 
been assigned the value 1211 c m r 1 with a lowering of 
30 cm. - 1 upon carbon-13 substitution. This agrees 
well with the calculated values of vt and its isotopic 
shifts in all models but R5. Apparently v2 is predomi­
nantly a C-Cl stretching vibration; calculated values 
are 5-15% lower than the assignment of 735 cm. -1, 
but the calculated isotopic shift of 3-5 cm. - 1 agrees 
well with the measured one of 5 cm. -1. The assign­
ment of bending frequencies is very tentative, but, 
again, except in R5, i»3 and vh are close to the observed 
frequency at 311 cm. -1. One comparable compound 
for which skeletal vibrations have been assigned is 
f-butyl chloride.31 The symmetric C-C stretch has 
been placed at 1159 cm. - 1 (c/. ^1), the degenerate C-C 
stretch at 1240 cm.-1 (cf. vt), the C-Cl stretch at 570 

(29) J. E. Kilpatrick and K. S. Pitzer, J. Res. Natl. Bur. Std., 38, 
191 (1947). 

(30) C. W. F. T. Pistorius,/. Chem. Phys.,29, 1174(1958). 
(31) N. Sheppard, Trans. Faraday Soc., 46, 527 (1950). 
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cm. - 1 (c/. V2), and skeletal bends at 304, 372, and 406 
cmrl(cf. V3, Vi, and i>6). 

Table II. Vibrational Frequencies for Model Reactants 
and Products 

React- Force constants, —Vibrational frequencies, cm." 1 ^ 
ant mdynes/A. ci v2 c3 V1 5̂ v6 

model U fa/d2 fo (ai) (a,) (a,) (e) (e) (e) 

Rl 4.00 

R2 4.00 

R3 4. 

R4 4. 

R5 4. 

Product 
model 
Pl 

P2 

P3 

P4 

P5 

50 

50 

50 

0.22 

0.22 

0.22 

0.22 

0.44 

f*+ . 
5 

6 

5 

6 

6 

.00 

.30 

.00 

.30 

.30 

3.00 

3.40 

3.00 

3.40 

3.40 

fa+ld* 
0.22 

0.22 

0.60 

0.22 

0.60 

1033 
1006 
1058 
1030 
1068 
1042 
1090 
1062 
1150 
1118 

fy+ld* 
0.60 

0.60 

0.60 

0.90 

0.60 

632 
628 
649 
646 
649 
644 
669 
664 
697 
693 

V\ 

(ai) 

841 
841 
944 
944 
841 
841 
944 
944 
944 
944 

286 1189 
286 1160 
289 1189 
289 1160 
286 1256 
286 1226 
290 1256 
290 1226 
373 1298 
373 1264 

n 
(as) 
583 
566 
583 
566 
583 
566 
714 
693 
583 
566 

335 
333 
335 
333 
336 
334 
336 
334 
463 
461 

Vl 

(e) 
1364 
1330 
1522 
1485 
1433 
1394 
1522 
1485 
1582 
1540 

256 
255 
256 
255 
256 
255 
256 
256 
360 
359 

"4 

(e) 
377 
375 
379 
377 
592 
591 
379 
377 
602 
601 

Table III. Reduced Partition Function Ratios and 
Calculated Values of Ki1/Ku at 0° for Various Model Systems" 

. Reactant model . 
Prod- Rl R2 R3 R4 R5 

uct — /R 
model /P 1.1708 1.1741 1.1808 1.1841 1.2121 

Pl 1.1628 1.0069 1.0097 1.0155 1.0183 1.0424 
P2 1.1852 0.9878 0.9906 0.9963 0.9991 1.0227 
P3 1.1881 0.9854 0.9882 0.9939 0.9966 1.0202 
P4 1.1950 0.9797 0.9825 0.9881 0.9909 1.0143 
P5 1.2096 0.9679 0.9706 0.9762 0.9789 1.0021 

" The values in the body of the table are ATi2/Ku = fa/fp = /c3cci/ 
/c3c; boldface values are within one standard deviation and itali­
cized values are within two standard deviations of the measured 
isotope effect (0.9833 ± 0.0032). 

For the "molecule" C3C, agreement between cal­
culated frequencies and those observed for triphenyl-
carbonium ion is less good. In models P2, P4, and 
P5, which use the value of the C-C stretching force 
constant estimated from the bond length, v3 is much 
larger than the assignment at 1359 cm. -1. But the 
observed isotopic shift for this band, 17 cm. -1, is less 
than half the calculated value, and this may indicate 
an error in assignment. (It is, in fact, difficult to 
account for the observed isotope effect if this shift 
is as small as 17 cm.-1.) Frequencies were observed 
in triphenylcarbonium ion at 658 and 701 cm. - 1 which 
may correspond to v2 or vi} although again the ob­
served isotopic shifts were less than those calculated. 
The other calculated frequencies are in regions con­
taining many phenyl group vibrations and so cannot 
be compared at all uniquely with observed values. 

It is useful, before proceeding to a consideration of 
calculated isotope effects, to examine the effect of a 
drastic change in model system geometry on the vi­

brational frequencies and on the reduced partition 
functions. In order to do this, calculations were made 
with a single set of force constants for a tetrahedral 
configuration of C3CCl and the configuration in which 
all carbon atoms are in the same plane. This change 
in geometry produced an appreciable change in vi­
brational frequencies, but it had almost no effect on 
the reduced partition function; the latter changed by 
only 0.1%. Thus, even large changes in geometry 
can be expected to have little influence on the isotope 
effect, and structural changes unaccompanied by other 
molecular changes cannot produce appreciable isotope 
effects. 

The isotope effects presented in Table III are ratios 
of reduced partition functions of the various reactant 
and product models taken in all possible combinations. 
These reduced partition functions were calculated ac-

3.V-6 

cording to eq. 12, but of course the factors n 
i = 1 

viujviu could have been evaluated from eq. 14. Since 
geometries were not changed in the various models, 
these factors must be the same for all isotope effects 
in Table III, and it is not necessary to calculate these 
factors separately for each choice of force constants. 
This fact points out a difference between the model 
system and the real system which could be a source of 
error in the calculations. 

The model system is much smaller than the real 
system. Its molecular masses and moments of inertia 
are therefore relatively sensitive to isotopic substitu­
tion whereas those of the real system are not.3 In the 
real system, the molecular masses and moments of 
inertia contribute a factor of only 0.9995 to the isotope 
effect (K12IKu), but in the model system, this factor is 
0.9893. It might, therefore, be supposed that the 
isotope effects obtained from the reduced partition 
functions for the model system should be corrected 
by 0.9893/0.9995 = 0.9898 before they are compared 
to the observed value. Calculations in other model 
systems have shown, however, that secondary changes 
in molecular mass (changes at positions removed from 
the reaction center by two or more bonds) do not have 
a significant effect on the reduced partition function and 
cannot influence the isotope effect appreciably.23 This 
suggests that in the present calculations molecular 
masses and moments of inertia from the real system 
should not be combined with vibrational contributions 
to the isotope effect supplied by the model systems. 

This matter was examined explicitly for the present 
case by making calculations on enlarged models. 
For both reactant and product, additional atoms, X, 
were placed on extensions of the C-C bond to give 
(XC)3CCl as the new reactant model and (XC)3C 
as the new product model. In both new models the 
C-C-X angle was 180° and a C-C-X bending force 
constant of 0.22 mdyne/A. was assumed. In the re­
actant model the C-X bond length was set at 1.54 A. 
and a value of 4.00 mdynes/A. was used as the C-X 
stretching force constant; in the product model these 
quantities were 1.417 A. and 5.00 mdynes/A. All other 
force constants, bond lengths, and bond angles of the 
new reactant models were identical with those of re­
actant model R2, and in the new product model 
they were identical with those of the original model 
P3. Calculations were done in which the additional 
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atom, X, had masses of 12 and 100. The results of 
these calculations are presented in Table IV. In­
creasing the size of the "molecules" in the model 
system had, as was expected, an appreciable effect on 
the molecular mass-moment of inertia ratios for both 
reactant and product. These decreased by some 15% 
when the model was changed from one with no X atom 
present to one in which the X atom had a mass of 100, 
and their ratios provided contributions to the isotope 
effect varying from 1 % to almost nothing. The re­
duced partition functions, however, changed by a 
much smaller amount, and since the changes for re­
actant and product were parallel as the model varied, 
the isotope effect changed by only 0.04 %. This demon­
strates that, in a system consisting of small molecules 
whose isotope effect is known to be the same as that of 
a related larger system (because force constant changes 
are the same), the vibrational contribution to the iso­
tope effect must offset the molecular mass-moment of 
inertia contribution in such a way as to compensate 
for the difference in molecular masses and moments of 
inertia of the two systems. It must be concluded, there­
fore, that, with regard to the present calculations of the 
isotope effect on the ionization of triphenylmethyl 
chloride, only the complete reduced partition functions 
for each model system are significant, and that molecu­
lar masses and moments of inertia from the real system 
cannot be combined with vibrational terms for the 
models. The constancy of the isotope effects in Table 
IV over such a large change in model size also provides 
some justification for the approach used in this investi­
gation : grossly abbreviated models of large molecules 
can be used to make valid isotope effect calculations. 
A similar conclusion has been reached by other investi­
gators working with other model systems.23 

Table IV. Frequency Products and Reduced Partition 
Function Ratios for Enlarged Models 

Mass 
Model 

C3CCl 
(CX)3CCl 
(CX)3CCl 
C3C 
(CX)3C 
(CX)3C 
C3CC1/C3C 
(CX)3CC1/(CX)3C 
(CX)3CC1/(CX)3C 

of X 

12 
100 

12 
100 

12 
100 

\Mn / \ /A(1!)/B(1S)/C(12) 

1.1501 
1.0126 
1.0042 
1.1625 
1.0179 
1.0043 

/(R)If(P) = 0.9882 
/(R)//(P) = 0.9880 
/(R)//(P) = 0.9878 

) f 
1.1741 
1.1871 
1.1878 
1.1881 
1.2015 
1.2025 

Although changes in size and geometry of the model 
system have little effect on the calculated isotope effect, 
changes in force constants do alter it considerably. 
This is readily apparent from an examination of Table 
III. The variation in individual force constants repre­
sented by the different models in this table is in most 
cases rather small: all of the force constants have 
"reasonable" values. And yet, the calculated isotope 
effect varies from a high of 1.042 to a low of 0.968. 
This is a variation of nearly 8%, which corresponds, 
on the basis of experimental experience, to the differ­
ence between no carbon-13 isotope effect and an 
unusually large carbon-13 effect. 

The best calculated value in Table III is that for the 

model system R2-P4; this isotope effect, KnIKu = 
0.9825, is only 0.08% below the measured value of 
0.9833. The next best calculated value is that for 
R1-P3 which is 0.21 % above the experimental isotope 
effect. Both of these calculated ratios lie within one 
standard deviation of the measured value. Calcu­
lated isotope effects for five more model systems lie 
within two standard deviations of the measured value: 
R1-P2, R2-P3, and R3-P4 are increasingly above 0.9833 
in that order, and R1-P4 and R4-P5 are increasingly 
below. One reactant model, R5, and one product 
model, Pl, give isotope effects which do not correspond 
to that in the real system at all well; neither model can 
be made to produce an inverse isotope effect in com­
bination with any of the present models. The unsatis­
factory reactant model is the one in which all three 
force constants have the highest values used, and it is 
the only model in which the value of 0.44 mdyne/A. 
was used for the bending force constant fa. In the 
unsatisfactory product model, on the other hand, all 
three force constants have the lowest values used, 
even though two of these are still larger than the highest 
values used for corresponding force constants in 
the reactant models. This indicates that the observed 
isotope effect cannot be duplicated by calculation with­
out using considerably larger force constants in the 
product than in the reactant. This conclusion is sup­
ported by the most successful model systems. In 
R1-P3 the product stretching force constant (fd+) 
is 1.25 times the reactant C-C stretching force constant 
(fd), and product bending force constants (fa

+, / 7
+ ) are 

nearly three times the reactant bending force constant 
(/„); whereas in R2-P4, fd

+ = l.51fd, and the average 
of/a

+ and / 7
+ is again nearly three times/a. 

Approximate Forms of the Partition Function Ratio. 
The relationship between force constants and isotope 
effect can be seen more clearly through the use of an 
approximate expression which demonstrates explicitly 
the connection between these two. Equation 12 can 
be rewritten as 

f =
 3^"6 u»rl sinh (um/2) 

,--i uur1 sinh (uni/2) 

and this can be expanded as a power series in M,-, 

(17) 

3.V-6 

/ = n 
Um 1 

UnC1 

\uM (uvu/2)* ( iW2)« , 
_ 2 3! 5! 

"KlM , ("13,V2)3 , («1M/2)» , 

L 2 + 3! h 5! +" 
i (is) 

If only the first nonvanishing terms in «,• are con­
sidered, this becomes 

f = 3 H 6 1 + » W ' / 2 4 

which can be approximated by 

I n / 
J 3iV-6 

T-; J2 "12.2 - "is,2 

(19) 

(20) 

provided that ut is small. It has been shown that the 
validity of eq. 20 can be extended to higher values of 
Ui by replacing lju with y/24.32 

(32) J. Bigeleisen and M. Wolfsberg, Advan. Chem. Phys., 1, 16 
(1958). 
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I n / = ^- E KiH2- u13i
2 (21) 

The correction factor 7 can be calculated from the in­
dividual values of uit- it varies from unity when w, is 
zero to approximately 0.3 for a frequency of 3000 
cm. - 1 at 3000K. Equation 21 is equivalent to 

-y / he V 3AM5 

ln/ = Yh-^f) S x- - *»< (22) 

X / / 2 = 2TVi (23) 

where X; are the roots of the secular equation for har­
monic motion of a system of N atoms. The sum in 
eq. 22 can be evaluated readily by the FG matrix method 
of Wilson.25 If no interaction force constants are 

3N-6 

used, J ] X, is simply the sum of products of corre-
» = i 

sponding diagonal terms in the F and G matrices. In 
3JV-6 

the difference J^ (̂ w* — ^w), the terms which do not 
• = i 

contain the mass of the isotopically substituted atom 
explicitly vanish. Thus, only that part of the molecule 
which contains the isotopically substituted atom and 
other atoms directly involved in its vibrational motions 
needs to be considered. Other parts of the molecule 
can influence the isotope effect only through their in­
fluence on 7. 

This method can be applied to the present case by 
using the F matrix elements defined by eq. 15 and 16 
and the G matrix elements given by Wilson, Decius, 
and Cross.33 This leads to the following expression 
for the isotope effect 

1 / he V / 106\ 
InKuIK13 = ln/P h lcc, - ln/P h ! C + = ^[l^kf) {e^Af)* 

(12-M3-1) [y(fD + 3fd + 8/Jfif2 + Sf0JdD) -

J+(Vd+ + 9fa+/d> + 3/7+/</2)] (24) 

where 7 refers to the reactants and 7+ refers to the prod­
ucts. In eq. 24 M is the factor for conversion of atomic 
mass units to grams, and force constants are in m-
dynes/A. Estimates of 0.65 for 7 and 0.60 for 7+ 
can be made from the frequencies of the reactant and 
product models of Table II, and fB can be set equal to 
fa since the same value was assigned to these force 
constants in all the model calculations. The expres­
sion for the isotope effect at 0° is then 

In KnIKn = 0.0125[0.65(/D + 3/i + WJd2) -

0.60(3/,+ + 9fa+/d> + Vy+Id2)] (25) 

Equation 25 shows that an inverse isotope effect in 
this system must be the result of stronger force con­
stants in the product than in the reactant. If, for ex­
ample, the assumption is made that the product force 
constants have the same values as corresponding 
reactant force constants (fd+ = fd, fa

+ = A + = fa), 
eq. 25 predicts an isotope effect of 3 to 4 % in the normal 
direction (Ki2/Kn > 1.00). This is a consequence of 
the fact that more force constants appear in the re­
actant portion of eq. 25 than in the product portion. 
The reactant term contains the C-Cl stretching force 
constant, fD, which of course is absent from the product 
term. In addition, the bending force constant has a 

(33) Reference 25, Appendix VI. 

coefficient of 16 in the reactant term, whereas in the 
product term the bending force constant coefficients 
are only 9 and 3. To offset this, the product force 
constants must be considerably stronger than the re­
actant force constants. 

Conclusions 

The equilibrium ionization of triphenylmethyl chlo­
ride shows an inverse carbon-13 isotope effect of nearly 
2% (KnJKn = 0.983) when isotopic substitution is 
made at one end of the reacting bond. This rather 
unusual observation might seem to place this process 
in a class apart from the SNI ionization reactions for 
which it was chosen to be a model: kinetic carbon iso­
tope effects on SNI substitution, though small, are all 
in the normal direction.78 The kinetic isotope effects, 
however, compare covalent initial states with transi­
tion states in which ionization is occurring but is still 
incomplete. The equilibrium isotope effect, on the 
other hand, compares a covalent initial state with a final 
state in which ions are fully formed. Thus, whatever 
changes in the system ionization is producing, these 
changes will be incompletely realized (to various de­
grees) in the kinetic cases but will be completely ac­
complished in the equilibrium. The equilibrium, 
therefore, can be considered to be one extreme of a 
continuum. If the kinetic isotope effects are unusually 
small, the equilibrium isotope effect should be still 
smaller, and it might well be on the other side of unity. 
Thus, the inverse isotope effect on triphenylmethyl 
chloride ionization, rather than confounding the 
kinetic situation, supports it. This isotope effect, 
moreover, because it is an extreme value, holds promise 
of containing among its underlying factors the source 
of the low kinetic isotope effects in exaggerated form. 

Theoretical analysis of the carbon isotope effect on 
the equilibrium ionization of triphenylmethyl chloride 
indicates that the principal cause of this inverse effect 
is the presence of larger C-Ph force constants in the 
triphenylcarbonium ion than in triphenylmethyl chlo­
ride. Since force constants measure the magnitude 
of the forces resisting deformation of a bond from its 
equilibrium configuration, they are indicative of bond 
strength. The conclusion supplied by the theoretical 
analysis can therefore be restated by saying that 
the present isotope effect is the result of stronger C-Ph 
bonds in triphenylcarbonium ion than in triphenyl­
methyl chloride. This increase in bond strength, 
moreover, must be sufficient to overcome the loss of 
a C-Cl bond. 

The central trigonal carbon atom of triphenyl­
carbonium ion is conjugated with adjacent phenyl 
groups. This conjugation increases the order of the 
C-Ph bonds and makes them stronger than correspond­
ing bonds in triphenylmethyl chloride where similar 
conjugation is not possible. The unusual shortness of 
these C-Ph bonds in triphenylcarbonium ion (1.42 
A., which, when compared to a normal C-C bond 
length of 1.54 A., represents bond shortening of more 
than half that of an olefinic double bond over a C-C 
single bond) indicates that this conjugative bond 
strengthening is appreciable and could well compensate 
for the loss of a C-Cl bond. 

A similar strengthening of nonreacting bonds to the 
carbon atom undergoing substitution can be expected 
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to occur in SNI reactions of /-butyl chloride and a-
phenylethyl bromide, the two substances for which 
carbon isotope effects on SNI substitution have been 
measured. In /-butyl chloride, hyperconjugative in­
teraction between the forming positive charge and 
adjacent methyl groups will strengthen the nonreacting 
C-C bonds, whereas in a-phenylethyl bromide, hy-
perconjugation of the positive center with the single 
methyl group will be aided by ordinary conjugation 
with the phenyl substituent. The fact that the C-C 
stretching force constant of the trimethylcarbonium 
ion is 35 % stronger than the corresponding force con­
stant in alkanes27 indicates that hyperconjugative bond 
strengthening is appreciable. Ordinary conjugation, 
however, should have a stronger influence on bond 
strength than hyperconjugation, and this may be the 
reason why the isotope effect for /-butyl chloride is 
greater than that for a-phenylethyl bromide even when 
the former is reduced to a carbon-12 : carbon-13 ratio. 

It can be concluded, therefore, that carbon isotope 
effects in these carbonium ion-producing reactions are 

Chlorine atoms were produced by the photolysis of 
COCl2 with 2537-A. radiation at 23°. The atoms were 
quantitatively scavenged by C2Hi, and the reactions of 
the resulting radicals were studied. The significant 
variable in the system is (C2H'4)/JV2, which was varied by 
a factor of 10*. Only two radicals, C2H4Cl and C4-
HiCl, are important. At high (C2H4)jIa

h, the products 
of the less important CeHi2Cl radical can also be de­
tected. The photochemical products found were CO, 
1-CH12, C2H0Cl, 1-C4H9Cl, 1-C6H13Cl, 1,2-C2H4Cl2, 
1,3-C4HsCl2, 1,4-CiH8Cl2, and 1,6-C6H12Cl2. Also, an­
other C6 hydrocarbon, a C4H1Cl compound, and two 
C6H11Cl compounds were detected. Not detected, but 
surely present, were C2H3Cl and C4 hydrocarbons. From 
the generalized propagation-termination mechanism and 
the behavior of the products with changes in (C2H4)J 
lah, the classes of radical-radical reactions that lead 
to each product could be established without a detailed 
knowledge of the particular radical-radical reactions. 
This classification is listed in Table III. The detailed 
mechanism was deduced; in order to explain the results, 
it was necessary to introduce, as the principal reaction 
of two CiHgCl radicals, the unusual reaction 2C4HgCl -*• 
C4H1Cl + C2Ht1Cl + C2H4. Many ratios of rate con­
stants were determined; they are collected in Table IV. 
When the free-electron ends of two radicals approach 
each other, either H-atom transfer or combination can 
occur. The ratio of the rates of the two processes is 
about 0.4 irrespective of the radicals. On the other hand, 

(1) This work was supported by the U. S. Air Force under Contract 
No. AF 04(695)-269. 

low because conjugation strengthens the nonreacting 
bonds to the isotopically substituted atom. It is 
tempting to generalize these results by saying that all 
carbon isotope effects on SNI substitution will be low, 
but such a generalization may prove to be correct only 
because SNI substitution is commonly observed in 
systems where conjugative stabilization of the forming 
positive charge makes this kind of reaction possible. 
Should a system be examined in which SNI substitution 
is forced in the absence of conjugative assistance, a 
large isotope effect may be found, and this may in fact 
be the reason why the solvolysis of methyl iodide in 
the presence of silver ion (possibly an SNI reaction) 
shows a carbon-14 isotope effect of nearly 9%.9a 
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Cl-atom transfer occurs from a different orienta­
tion. The evidence indicates that the ratio of Cl-atom 
transfer to H-atom transfer is markedly altered as the 
chain length of the radicals is enhanced with the heavier 
of the two dichlorides being preferentially produced. 
The ratio of the rate constant for propagation to the 
square root of that for termination is about ljimth as 
large for the C4HgCl radical as for the C2H4Cl radical. 

Introduction 

A number of studies of chlorine-atom addition to 
olefinic compounds have been done in recent years. 
The two groups of experimenters associated with Dain-
ton and with Goldfinger have predominated the field. 
Their work has been concerned mainly with the initial 
chlorination mechanism and rates, and the reactions 
of the initially formed radicals with molecular chlorine. 
Their results and conclusions are summarized in the 
excellent review by Cvetanovic.2 

Wijnen8-4 has studied the reactions of the chlo­
rinated radicals by using the elegant technique of gen­
erating chlorine atoms by the photodecomposition of 
phosgene. The photolysis yields quantitatively two 
chlorine atoms for each carbon monoxide molecule. 
No complicating side reactions occur. The COCl 
intermediate is too unstable at room temperature and 

(2) R. J. Cvetanovic, Admn. Photochem., 1, 115 (1963). 
(3) M.H.J . Wijnen.y. Am. Chem. Soc, 83, 3014(1961). 
(4) M. H. J. Wijnen, J. Chem. Phys., 36, 1672 (1962). 
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