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In an effort to determine whether the ion-pair mechanism for nucleophilic substitution at saturated carbon op-
erates in bimolecular reactions, the racemization and bromide-radiobromide exchange of 1-phenylbromoethane
were examined in anhydrous acetone containing lithium bromide. Within experimental error, the rate constants
and Arrhenius and thermodynamic activation parameters are identical for the racemizations and exchanges.
There is no evidence for inversion without exchange or exchange without inversion. Consequently, for the ion-pair
mechanism to be operating, all of the ion pairs formed by the substrate and leaving group must be intercepted (or
collapse to starting material) before the ions separate sufficiently to allow the alkyl group to turn over and give,
on the collapse of the ion pair, inversion without halide exchange. On the other hand, the results are completely
consistent with the classical Hughes-Ingold SN2 mechanism.

The observation that the rates of halide-radiohalide ex-
change and racemization of optically active 1-phenylbro-
moethane! and those of 2-iodooctane? were the same with-
in experimental error was the basis for the postulation of
the SN2 mechanism for the bimolecular nucleophilic dis-
placement at saturated carbon by Gleave, Hughes, and In-
gold.3 It was the carbonium ion route, the SN1 or unimolec-
ular mechanism of the mechanistic pair, which was the
more difficult to establish;%% chemists, on the other hand,
readily accepted the concerted nucleophilic attack-leaving
group departure of the SN2 mechanism. As Sneen and Lar-
sen point out, however, it is the traditional SN2 reaction
pathway which is the less likely.® They have proposed an
elaboration of the ion-pair scheme of Winstein and his col-
leagues” as a single unified mechanism to replace the
SN1-8SN2 dichotomy. In their ion-pair mechanism, which is
summarized in Scheme I, it is proposed that the initial step
is the formation of a contact or intimate ion pair by the
substrate with its leaving group. The reaction could show

* Address to which correspondence should be sent.

the characteristics of SN2, mixed, or SN1 mechanisms de-
pending upon where in the series of solvation equilibria
from intimate ion pair to the free, independently solvated
ions nucleophilic attack occurs.

Scheme I

K, + K, _ kK K, K,
RX == RX™ == RNX™ == RVIX~ == == Rt + X~

intimate  solvent- solvated free
ion pair  separated ion pair (dissociated)
ion pair ions
k,li kﬂli kii kxli /enli
RZ RZ RZ RZ RZ
“Sn2” mainly mainly  “SNI”
HSNZ” “SNIH

Should such a mechanistic scheme be proven correct, it
has wide ramifications not only for all nucleophilic substi-
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Table I
Second-Order Rate Constants .for the Racemization of (+)- or (—)-1-Phenylbromoethane in Anhydrous Acetone at
Various Temperatures and Lithium Bromide Concentrations

Temp, Rate constants? X 10° mol sec/l. at [LiBr] given

K 0.0100 M 0.00500 M 0.00200 M 0.00100 M 0.000500 M
298.15 1.334 + 0.014 1.678 + 0.004 2.349 + 0.024 3.005 = 0.029 3.712 + 0.024
303.15 2.092 £ 0.0100 2.630 = 0.007> 3.645 = 0.0127 4,601 + 0.057% 5.783 + 0.065¢
308.15 3.273 £ 0.0090 4.091 =+ 0.0112 5.697 + 0.019 7.117 £ 0.0500 9.229 = 0.084¢
318.15 4,929 + 0.010 6.274 + 0,039) 8.449 + 0.024 11.116 = 0.099% 14.329 £ 0.110
318.15 7.328 + 0.056 9.395 + 0.032 12.705 £ 0.035 16.360 : 0.070 . 18.305 + 0.084

4 Least-squares values.  Average of two runs. éAverage of three runs.

tution reactions but also for other substitutions, and for
elimination and addition reactions among others.® The im-
portance of ion pairs in nucleophilic substitutions at satu-
rated carbon is quite well established at or near the unimo-
lecular or dissociated ion extreme of the mechanistic range®
but not for bimolecular displacements. Hughes et al.! re-
ported that both the halide exchange and the racemization
of I-phenylbromoethane in anhydrous acetone with lithi-
um bromide were bimolecular. Since in that system ‘the
leaving group and the nucleophile are identical, some of the
variables are eliminated. Also as a bulwark of the SN2
mechanism, what system could be more appropriate for a
detailed examination to determine whether ion pairs play a
role in bimolecular nucleophilic substitutions at saturated
carbon?

Results
The racemization of optically active alkyl halide by ha-
lide ion can be represented by the equations

(+)RX + X~ ——k-> (-)RX 4+ X~

instantaneous
——
or concurrent

(+) RX + (-)RX (£)RX

Note that the inversion of one molecule of, say, the (+)
isomer to the (—) isomer not only removes the rotational
contribution of one (+) species but cancels that of another,
giving two molecules of racemic (£) mixture. The rate ex-
pression, eq 1, applies

[RX]o
[RX],

where [RX]o and [RX]; are the concentrations of the opti-
cally active alkyl halide initially and at time ¢, %k is the rate
constant, and [X] the concentration of the halide ion.'0 In
practice, the alkyl halide concentration terms were re-
placed with the angle of rotation of plane polarized light or,
more precisely, the recorder output of the recording polar-
imeter. Good linearity was obtained for 3-6 half-lives, de-
pending upon when the instrument instability became a
significant fraction of the rotational value.

For the halide exchange studies, the electrodeposition
method developed by Beronius!! was used. In this method,
the solution of inorganic halide (e.g., LiBr) in the solvent
(e.g., acetone) containing radiohalide (e.g., 82Br™) is placed
in the thermostatted electrolysis cell and a very small por-
tion of the halide electrodeposited on a silver disk as AgX.
The activity of that disk is a measure of the ¢t = 0 halide ac-
tivity. A known amount of RX is then added and, at vari-
ous time intervals, AgX is deposited on fresh silver disks at
the same current for the same time as was used for the ¢ =
0 electrode. The decreasing activity of subsequent elec-
trodes is then a measure of the amount of radiohalide in-
corporated into the RX and no longer available for electro-
deposition.

In = 2k [X]t (1)

The halide exchange reaction can be represented as
k
RX + X~ ==RX + X~
k-1

where k; and k_; are the rate constants for the forward and
reverse reactions. They are identical and equal to k. As-
suming that any isotope effects are negligible, the rate con-
stants for the incorporation of the radiohalide, X*, the pro-
cess actually studied, will be the same or

RX + X"~ % RX* 4+ X-
and
—dXr]
dt
= k([RX][X*] - [RX*][X])
Since the total amount of X* is constant,

[RX*] = [X*]o = [X*]

= k[RX][X*] — k[RX*][X]

where [X*]p is the initial, or ¢ = 0 concentration, of radio-
halide as measured by the activity of the first electrode.
Substituting and rearranging gives
*
d[X] =—kdt
=[X][X*]o + ([RX] + [X]D[X*]
Noting that

f 1 dx=-1-ln(nx+a)+c
nx+a n

allows integration of the expression to

1 o e bt
mlni([RXH[X])[X] [(X}[X*]o} = =kt +

Rearranging and adding the constant In [1/([RX] + [X])] to

both sides gives

X]X*o_

[RX] + [X]
Again ignoring isotope effects, at infinite time the radio-

halide will be statistically distributed between inorganic

and organic halide so that the ¢ = = activity will be given
by

In {[X*] - = —([RX] + [X])kt + ¢’

W = [X*lX]
X =Ry + X]

Thus the rate expression becomes
In {[X*] = [X*]«} = =([RX] + [X])kt + ¢’ (3

Equation 3 can be converted to the form used by other
workers!?

[X*]
1 —
" [[x*]m
Slopes of the plot of the In term of eq 3 or 4 (with [X*]«

(2)

1} = —([RX] + [X])kt + C )
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Table 11
Second-Order Rate Constants for the Bromide—Radiobromide Exchange of 1-Phenylbromoethane in Anhydrous Acetone
at Various Temperatures and Lithium Bromide Concentrations

Rate constant? X 10° mol sec/l. at [LiBr] given

Temp,

K 0.0100 M 0.00500 M 0.00200 M 0.000500 M
298.15 1.313 2.370 = 0.026% 3.613 + 0.003%
303.15 2.1500 = 0.0003¢ 2.679 + 0.0204 3.803 + 0.018¢ 6.321 + 0.026¢
308.15 3.3113 =+ 0.0001 6.2085 = 0.0001% 9.46 = 0.234
313.15 5.033 8.330 12.6 = 2.1b

2 Rate constants were determined graphically. Where least-squares determinations were also done, agreement was within
+0.2%. & Average of two runs. ¢ Average of three runs. ¢ Average of four runs. ¢ Average of five runs.

Table III
Activation Parameters at 303.15 K for the Reaction of 1-Phenylbromoethane and Bromide Ion in Anhydrous Acetone?

Arrhenius parameters

Thermodynamic parameters

In A E,, kJ/mol AH*, kd/mol —AS*, J/deg mol AG*, kd/mol
Racemization 20.94 + 0,14 67.0 = d.z 64.199 = 0.087 79.88 + 0.67 88.41 + 0.29
Exchange 20.93 + 0.15 66.9+ 0.5 64.083 = 0.516 80.38 + 1.06 88.45 £ 0.84

4 Values given are averages of those obtained at each concentration of lithium bromide reported in Tables I and II. At in-
dividual concentrations of lithium bromide, agreement between the parameters of racemization and exchange was normally

within the sum of the standard deviations of the two values.

calculated by eq 2) vs. ¢t were used to evaluate the rate con-
stants for the exchange reaction. In some runs good lineari-
ty was obtained for over 7 half-lives. Nor-was the calculated
rate constant dependent upon the concentration of the
alkyl bromide, since changing the concentration by as
much as a factor of 20 left the rate constant unchanged
within experimental error.

The rate constants for both the exchanges and the race-
mizations at the lower concentrations of lithium bromide
were quite sensitive to moisture. The maximum rate was
found for freshly prepared solutions; a rate that fell off as
the acetone-lithium bromide solutions picked up moisture
even in tightly stoppered flasks stored in a nitrogen-
flushed drybox. Consequently, the rate constants for the
lowest concentration of lithium bromide are the least se-
cure of those reported in Tables I and II.

Discussion

From Tables I and II it is apparent that the rate con-
stants for both the exchange and the racemization of 1-
phenylbromoethane in anhydrous acetone containing lithi-
um bromide decrease with increasing concentration of lith-
ium bromide. Hughes et al.! reported a similar observation.
This fall-off has been assigned to ion pairing or association
of the lithium bromide.!® Such association would reduce
the activity coefficient of the bromide ion. Because concen-
trations, not activities, were used in determining the rate
constants via eq 1 and 3 or 4, the apparent rate constant
decreases as the lithium bromide concentration increases.
Normally, to avoid such problems, high constant ionic
strengths and concentrations of the cation are used to keep
the activity coefficient of the nucleophile constant as its
concentration is varied.!®13 Concentration and activity are
then linearly related and the rate constants are indepen-
dent of the concentration of the ionic reactant. Unfortu-
nately, all of the lithium salts, nitrate, chlorate, perchlo-
rate, picrate, etc., which were tried as inert electrolytes
were either not sufficiently soluble in the acetone, were too
nucleophilic, or else interfered with the electrodeposition of
the silver bromide in the exchange studies.

Other halide salts for which association would be much
less, salts like the tetraalkylammonium bromides, do in-
deed give a much smaller drop-off of rate constant with in-
creasing bromide salt concentration. Thus with tetrabutyl-

ammonium bromide at 303.15 K the racemization rate con-
stants at 0.001 and 0.01 M were 9.70 and 8.42 X 10~13 1./
mol sec, respectively.!4 While such salts could have been
used in the racemization studies, they would have added
the complication of ion exchange treatment to the ex-
change experiments because the radiobromide was most
conveniently made by neutron bombardment of inactive
lithium bromide.

Despite the decrease in the apparent rate constant with -
increasing lithium bromide concentration,! the reaction is
obviously second order, first order in each of alkyl halide
and halide ion. Thus increasing the lithium bromide con-
centration fivefold from 0.002 to 0.01 M increases the rate
of the racemization and the exchange reactions by an aver-
age factor of 2.86 while the rate constant decreases, on av-
erage, to 57% of its former value. A 20-fold concentration
change from 0.0005 to 0.01 M led to an average rate in-
crease by a factor of 7.28 with an average decrease in sec-
ond-order rate constant to 36.4% of its former value.

In Table III Arrhenius activation parameters and ther-
modynamic data are reported. Like the rate constants in
Tables I and II, which are apparent values uncorrected for
the activity of the bromide ion, the parameters in Table III
include contributions due to changes in salt effects and ac-
tivity coefficients on the temperature dependence of the
rates. However, as with the rate constants, comparisons be-
tween racemization and exchange reactions which were
done under the same reaction conditions are valid.

Comparison of the rate data for racemization in Table I
with that for exchange in Table II shows that, as Hughes et
al. reported, the rate constants for the two processes are
the same within experimental error. The one-to-one nature
of the two processes is confirmed by the activation and
thermodynamic parameters, the values of which were gen-
erally within one standard deviation for racemization and
exchange at the same concentration of lithium bromide
and, indeed, were independent of the concentration of inor-
ganic halide. These results are consistent with the classical
Hughes-Ingold mechanism for the bimolecular nucleophil-
ic displacement at saturated carbon. They are compatible
with the Sneen ion-pair mechanism of Scheme I only if nu-
cleophilic attack occurs early in the ionization sequence. It
must occur before the separation of the alkyl group and the

. leaving group is sufficient for the alkyl group to turn over

and so give detectable racemization with internal return.
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If the ion-pair mechanism is operating, stabilizing the
carbonium ion species by the introduction of appropriate
substituents on the phenyl group should shift the average
point of nucleophilic attack toward the right of Scheme I,
perhaps sufficiently so that significant amounts of racemi-
zation with internal return can occur. Racemization then
should be faster than halide exchange. This possibility is
currently under investigation. Some preliminary results for
the bromide-radiobromide exchange have already been re-
ported.’ However, with 1-phenylbromoethane itself, no
evidence confirming that the Sneen ion-pair mechanism
applies to bimolecular nucleophilic displacements at satu-
rated carbon has been obtained to date.

Experimental Section

Solvent. Just before preparation of the solutions, reagent grade
acetone was dried and purified as previously described.1?

Lithium Bromide. Reagent grade, “Certified” (Fisher) or “Su-
prapur” (Merck), LiBr-xH20 was oven dried at 250°C for at least
24 hr and cooled in a desiccator immediately before weighing and
preparation of the 0.05000 + 0.0002 M stock solution which, with
appropriate dilutions, was used to make the acetone solutions for
this study.

(£)-, (+)~ and (—)-1-Phenylbromoethane were made from the
corresponding 1-phenylethanol as previously described.'®16 The
alkyl bromides showed no detectable hydroxylic absorptions in in-
frared spectra neat or at high concentration in CCly, nor were
anomalous signals present in the proton nuclear magnetic reso-
nance spectra or the vapor phase chromatograms of the halides so
examined. Spectra (NMR, ir, mass spectrum) and physical proper-
ties were consistent with the structure. The 1-phenylbromoethanes
were stored under nitrogen in glass ampules in a freezer until
needed but even under these conditions the optically active halides
very slowly racemized. Fresh material was made every few weeks.
Configurational purity was not established but since the racemiza-
tions were first order in alkyl bromide, it is of no consequence to
this study.

Racemization Studies. The procedure was analogous to that
described earlier'® except that a Perkin-Elmer Model 141-MC po-
larimeter equipped with a retransmitting potentiometer and a
Honeywell Electronik 194 potentiometric recorder was used. All
manipulations of solvent and solution were done in a dry nitrogen-
filled glove bag. Concentrations of (+)- or (—)-1-phenylbromoe-
thane (i.e., 0.07-0.14 M) that gave near full-scale initial recorder
pen deflections were used. Results are reported in Table I.

Reactions using R4N*Br~, especially tetrabutylammonium bro-
mide, were run analogously. (See paragraph at end of paper re-
garding supplementary material.)

Exchange Studies. The radiobromide (32Br~) was made by Ak-
tiebolaget Atomenergi, Isotopservice, 611 01 Nykoping 1, Sweden,
by irradiating at high neutron flux 0.87 mg of LiBr in a quartz vial.
With adequate lead shielding throughout, the vial was opened and
its contents extracted with several portions of hot distilled deion-
ized water. The solution was evaporated to dryness, the 15-ml Er-
lenmeyer flask was then heated to 300°C for several hours and
cooled, and the lithium radiobromide taken up in 5 ml of anhy-
drous acetone. An aliquot (0.1-0.4 ml) of this solution was added
to the 50-ml stirrer-equipped Teflon-lined jacketed aluminum
electrolysis cell containing the lithium bromide-acetone solution
already equilibrated to the desired temperature. After electrode-
position of AgBr (for the initial, or ¢ = 0, activity) on two or three
electrodes, a weighed amount of (£)-1-phenylbromoethane (to give
a solution of 0.35-7.5 X 10~2 M) was added and the reaction timer
started. Electrolysis was with silver electrode disks 0.4 cm in diam-
eter at a carefully controlled and reproduced constant current of
200--2000 pA for 20-60 sec depending upon the LiBr concentration.
Six to ten electrodepositions spread over about 3 half-lives were
used.

Individual electrodes were counted for 3—-20 min; the time inter-
val was chosen so that the t = 0 electrode would give 30000-
1000000 counts. The counts were corrected for background (invari-
ably less then 1% of the ¢ = 0 values), for variations in electrodepo-
sition time (rarely more than +0.1 sec), and for radioactive decay
of the 82Br between the time of counting the first and the current
electrode of the run. The infinity values were calculated using cor-
rected counts in eq 2. In those runs in which the infinity values
were approached, the empirical and calculated values were in good

Stein

agreement. For example, in one run where the corrected ¢ = 0
count (average of two electrodes) was 37229, the calculated infinity
value was 3597 while the last electrode (at ¢t = 66615 sec) gave 3844
counts, a value only 107% of the calculated infinity value. The last
point deviates little from the best line of the In {[X*] — [X*].} vs. ¢
plot and represents over 7 half-lives of the exchange reaction. The
rate constants reported in Table II were generally determined
graphically using eq 8 or 4. In those cases where standard least-
squares treatment of data was also done, the calculated rate con-
stants were normally within +0.2% and eq 3, not unexpectedly,
gave the smaller standard deviation.

Details of the procedure, electrode preparation, electrolysis cell
design, and current source are well presented by Beronius.!! Re-
sults are summarized in Table IL (See paragraph at end of paper
regarding supplementary material.)

Control Experiments. To establish that the elimination of hy-
drogen bromide is much slower than the racemization-exchange
reaction, the disappearance of 1-phenylbromoethane (7 X 102 M)
in acetone 0.00, 0.0005, and 0.01 M in lithium bromide was fol-
lowed at 303.15 K by vapor phase chromatography (all-glass sys-
tem, 4-ft Ucon HB 1500 column, FID, 100°C). In 24 hr there was
no detectable change in the concentration nor did any peaks other
than acetone and the alkyl halide appear in the chromatograms.
The first order or pseudo-first-order rate constants for elimination
are considerably less than 1 X 107% sec™! under these conditions.!”

Acknowledgment. The author wishes to thank the
Swedish Natural Science Research Council for financial as-
sistance and Dr. P. Beronius and A. Holmgren at Umed
Universitet for their assistance and for the use of their lab-
oratories and equipment for the exchange studies. The as-
sistance of Memorial University throughout made this
study possible and is gratefully acknowledged.

Registry No.—(%)-1-phenylbromoethane, 38661-81-3; (+)-1-
phenylbromoethane, 1459-14-9; (—)-1-phenylbromoethane, 3756-
40-9; lithium bromide, 7550-35-8; lithium radiobromide, 57256-
21-0; tetrabutylammonium bromide, 1643-19-2.

Supplementary Material Available. Typical data for a race-
mization and a bromide-radiobromide exchange (1-phenylbromo-
ethane at 303.15 K and [LiBr] = 0.0002000 M in acetone) (4
pages). Ordering information is given on any current masthead

page.

References and Notes

(1) E. D. Hughes, F. Juliusburger, A. D. Scott, B. Topley, and J. Weiss, J.
Chem: Soc., 1173 (1936).

(2) E. D. Hughes, F. Juliusburger, S. Masterman, B. Topley, and J. Weiss, J.
Chem. Soc., 1525 (1935).

(3) J. L. Gleave, E. D. Hughes, and C. K. Ingold, J. Chem. Soc., 236 (1935).

(4) E. D. Hughes and C. K. Ingold, J. Chem. Soc., 244 (1935).

(5) A general discussion of the establishment of the SN1 mechanism can
be found, for example, in J. Hine, “Physical Organic Chemistry’’, 2nd
ed, McGraw-Hill, New York, N.Y., 1962, pp 128-137.

(6) R. A. Sneen and J. W. Larsen, J. Am. Chem. Soc., 91, 362, 6031
(1969).

(7) For a summary see S. Winstsin, B. Appel, R. Baker, and A. Diaz in ‘Or-

ganic Reaction Mechanisms'’, Chem. Soc., Spec. Publ., No. 19, 109-

130 (1965).

See, for example, (a) R. J. Muller, C. Winsternitz, and B. L. Murr, J. Org.

Chem., 40, 412 (1975); D. D. Roberts and C.-H. Wu, ibid., 39, 3937

(1874); R. D. Fisher et al., J. Am. Chem. Soc., 97, 2408 (1975); V. P.

Vitullo and F. P. Wilgis, ibid., 97, 458 (1975); (b) R. A. Sneen, Acc.

Chem. Res., 6, 46 (1973); F. G. Bordwell, ibid., 5, 374 (1972); (c) V. L.

Heasley and C. N. Griffiths, J. Org. Chemn., 40, 1358 (1975); (d) W. T.

Ford and D. J. J. Pietsek, J. Am. Chem. Soc., 97, 2194 (1975).

(a) H. L. Goering and K. Humski, J. Org. Chem., 40, 920 (1975), and ref-

erences cited therein; (b) H. L. Peeters and M. Anteunis, ibid., 40, 307,

312 (1975); (c) F. G. Bordwell, P. F. Wiley, and T. G. Mecca, J. Am.’

Chem. Soc., 97, 132 (1975), and references cited therein; (d) V. F.

Raaen, T. Juhlke, F. J. Brown, and C. J. Collins, ibid., 96, 5928 (1974),

and references cited therein; (8) V. J. Shiner, Jr., and R. D. Fisher, ibid.,

93, 2553 (1971); (f) J. M. W. Scott, Can. J. Chem., 48, 3807 (1970); (g)

~J.M. W, Scott and R. E. Robertson, ibid., 50, 167 (1872).

(10) A.R. Stein, J. Org. Chem., 38, 4022 (1973).

(11) P. Beronius, Trans. R. Inst. Technol., Stockholm, No. 213 (1963).

(12) H. A. C. McKay, J. Am. Chem. Soc., 65, 702 (1943), P. Beronius, Z
Phys. Chem. (Frankfurt am Main), 40, 33 (1964), A. Holmgren and P.
Beronius, Acta Chem. Scand., 26, 3881 (1972),

(13) See for example, A. Ceccon, |. Papa, and A. Fava, J. Am. Chem. Soc.,
88, 4643 (1966).

@

(@



Bimolecular Homolytic Substitution at Carbon

(14) P. Beronius, A.-M. Nilsson, and G. Wikander, Acta Chem. Scand., 24,
2826 (1970), have recently shown that the assoclation constant for LiBr
is some 14 times that of BusNBr in acetone at 298.15 K, lL.e. K, = 4680
vs. 334, In this study a value of K, =~ 1950 for LiBr gives a racemiza-
tion rate constant at 298.15 K of 5.9613 £ 0.0008 X 1073 I./mol sec
for the lowest three concentrations.

J. Org. Chem., Vol. 41, No. 3, 1976 523

{15) A.R. Stein, Tetrahedron Lett., 4145 (1974),

(16) E. Downer and J. Kenyon, J. Chem. Soc., 1156 {1939).

(17) Ford and Pietsek {ref 8d) report k = 5.8 X 107 M~ ' sec™' at 347.8 K
for the n-BuyNBr-catalyzed elimination with 1-phenylbromopropane in
acetone, a reaction that would presumably be more facile than that of
the ethane derivative in question.

Bimolecular Homolytic Substitution at Carbon.

A Stereochemical Investigation!

Charles .J. Upton*? and Joseph H. Incremona

Department of Chemistry, Duquesne University, Pittsburgh, Pennsylvania 15219

Received August 20, 1975

Photochlorination of 1,1-dichlorocyclopropane (1) at 0-5°C in carbon tetrachloride yields 1,1,1,3-tetrachloro-
propane (2) and 1,1,1,3,3-pentachloropropane (3) as major products, with lesser amounts of 1,1,1,2,3-pentachloro-
propane (4). Photobromination of 1 yields 1,3-dibromo-1,1-dichloropropane (5) as the only product. Both the
chlorination and bromination were shown to be radical processes, accelerated by benzoyl peroxide and azobisiso-
butyronitrile and inhibited by benzoquinone or darkness. The stereochemistry of the ring opening of 1 was deter-
mined from a 'H NMR analysis of the 1,1,1,3-tetrahalopropane-2,3-ds isomers produced upon photochlorination
and photobromination of 1,1-dichloro-2,3-trans-dideuteriocyclopropane (7) and its cis isomer 8. In each case, 7
yielded >96% erythro isomer, and 8 >96% threo isomer. The results clearly demonstrate that attack of both chlo-
rine and bromine atoms on the cyclopropane ring, occurs with essentially complete inversion of configuration.
The proposed mechanism involves ring opening via an SN2-like transition state; attack of the halogen atom is
postulated to occur at a minor lobe of the C;~Cz hybrid orbital, with concomitant.cleavage of the C;—C;3 bond. Ev-
idence favoring the proposed mechanism over one proceeding via a bridged intermediate or transition state is pre-

sented.

Bimolecular homolytic substitution (SH2) reactions rep-
resent one of the most common reaction pathways available
to free radicals.? Examples of SH2 displacements at multi-
valent atoms are well documented, and have been recently
reviewed.* Unfortunately, few studies have examined the
particular case of an SH2 displacement at saturated carbon,
leaving the mechanism and stereochemistry the subject of
speculation.

Theoretical and experimental approaches to this prob-
lem5-15 have not predicted a favored stereochemical path.
A simple Hiickel MO approach predicted that the reaction
might have a low degree of stereospecificity.? Initial experi-
mental attempts to detect an SH2 displacement on carbon
"by iodine atoms, by observing racemization of optically ac-
tive sec-butyl iodide in either liquid or vapor phase, were
unsuccessful.”® Displdcement occurred instead on io-
dine,?10 yielding the sec-butyl radical and molecular iodine
which on recombination gave racemic products. A similar
result has recently been reported for methyl iodide,!! as
well as for bromine exchange in bromotrichloromethane.!?
Several attempts to detect an intramolecular SH2 (SHi) re-
action have also been unsuccessful,13!4 although Kaplan?!?
has proposed an SHi reaction to explain the formation of
cyclopropane and cyclopentane from decomposition of
1,3-diiodopropane and 1,5-diiodopentane.

It has become increasingly apparent that the only unam-
biguous examples of SH2 displacements on carbon are radi-
cal induced cleavages of the strained carbon-carbon bonds
of cyclopropanes. Examples of cyclopropane ring openings
under free-radical chlorination,'® bromination,!” and iodin-
ation'® are well known. Ring opening of perfluorocyclobu-
tane by fluorine atoms has recently been reported.!®

The stereochemistry of the radical induced cyclopropane
ring opening would be of interest since both nucleophilic??
and electrophilic?! ring openings have been studied in some
detail. Only a few studies, however, have examined the

stereochemistry of the radical induced ring opening, and all
have been subject to varying degrees of steric and electron-
ic bias. Applequist and Searle demonstrated that radical
attack with inversion is possible. Bromination of 9,10-
dehydrodianthracene occurs with inversion at both cen-
ters.22 Attack with retention, however, is sterically restrict-
ed. Chlorination of nortricyclene gives exo,exo-2,6-dichlo-
ronorborane,?® presumed to arise by initial attack with in-
version followed by exo chain transfer. Reaction of bromo-
trichloromethane with dibenzotricyelo[3.8.0.028]-3,6-octa-
diene occurs with inversion of configuration by the trichlo-
romethyl radical.?¥ More recently, Shea and Skell25 have
shown that photobromination of 2,4-dehydroadamantane
occurs with inversion at one center and randomly at the
other, yielding a mixture of (a,e)- and (e,e)-2,4-dibro-
moadamantane. In all of the above examples the cyclopro-
pane ring is part of a structurally more complex polyeyclic
system, and thus may not be stereochemically indicative of
a monocyclic system.

We have previously reported! the first example where
the stereochemistry of the ring opening of a monocyclic cy-
clopropane was determined; reaction of chlorine atoms
with 1,1-dichlorocyclopropane (1) proceeds with >96% in-
version of configuration. Our complete results on the pho-
tochlorination and photobromination of 1 are presented
herein. As our work in this area was being completed,
Maynes and Applequist?® described the ring opening of cis-
and trans-1,2,3-trimethylcyclopropane upon photobromi-
nation, the only other monocyclic systems examined to
date. Photobromination of the cis isomer gave equal
amounts of (S8)-meso- and di-3-methyl-2,4-dibromopen-
tane, while the trans isomer gave the (R)-meso, (S)-meso,
and dl products. The results demonstrate that attack at
one carbon occurs with inversion of configuration, while
bromination at the second carbon occurs nonstereospecifi-
cally.



