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The kinetics of the electrophilic addition of bromine to phenylcyclopropane in chlorinatcd solvents have been 
examined. The rate of bromination was observed t o  be first order in both bromine and phenylcyclopropane at, 
20' i n  chloroform (k = 2.0 X The 
resulting ring-opened products are 1,2,3-tribromo-l-phenylpropane and 1,3-dibromo-l-phenylpropane. Addi- 
tion of bromine to trans-l,2-diphenylcyclopropane resulted in 1,3-dibromo-1,3-diphenylpropane with a dllmeso 
rat io of 1.0 as the major product. Bromine addition to cis-1,2-diphenylcyclopropane resulted in dibromide with 
a dllmeso ratio of 0.82. A mechanism is presented which involves electrophilic attack of bromine on the cyclo- 
propane ring to give a free benzyl carbonium ion as the major intermediate. 

1. h1-l sec-l) and methylene chloride ( k  = 7.3 X IO-". .If-' sec-l). 

Previously rcported results' from this laboratory on 
the addition of brominc to phenylcyclopropane and 
1,2-diphenylcyclopropane showed that changes in 
temperature, concentration, light, and solvent have 
drastic effects on the rate of reaction and on product 
distribution. These results werc rationalized in terms 
of three major competing types of reactions. Type A 
was one which could be initiatcd either photolytically 
or thermally, results in addition of bromine to  yield 1,3- 
dibromo-1-phenylpropane as thc only product, and was 
favored in less polar solvents. This reaction type had 
some of the characteristics usually attributed to free- 
radical bromine addition. Reaction type B had charac- 
teristics of an electrophilic bromine addition which 
resulted in cyclopropane ring clcavagc and was favored 
by more polar solvents. Reaction type C involved 
aromatic substitution resulting in the formation of p -  
bromoarylcyclopropane and was favorcd at low tem- 
peratures and in polar solvents. 

Our recent efforts have been devoted to searching 
for conditions under which each of the three reaction 
types could be isolated and studied individually. This 
report presents results of our investigation of the reac- 
tion type B, the addition reaction having character- 
istics of an ionic process. An interpretation of the 
results in terms of a reaction mechanism is included. 

Results 

The conditions which were found favorablc for iso- 
lating the ionic addition reaction were as follows: thc 
use of chloroform and mcthylene chloride as solvents 
a t  concentrations between 0.1 and 0.5 M ,  tempcraturcs 
between 5 and 30", and th r  prescnce of isoamyl nitritc, 
a free-radical i n h i b i t ~ r . ~ , ~  Within thc temperature 
and concentration range cmployed, aromatic sub- 
stitution does not occur in carbon tetrachloride and 
occurs to  only a minor rxtcnt in chloroform and mcthyl- 
ene chloride. The results of our kinetic studics of the 
bromination of phrnylcyclopropane under thcse con- 
ditions are prcscnted in Tablc I. 

Kinetics.-The tn  o products resulting from the 
addition of bromine to phcnylcyclopropanc arc 1,3- 
dibromo-1-phcnylpropnne and 1,2,3-tribromo-l-phenyl- 
propane. One molc of bromine is required to convert 

(1) R.  T. LaLonde, P. Ferrara, and A .  Debboll, Jr . ,  J. Ore. Chem., 97, 1094 
(1972). 

(2) M. S. Karasch, P. White, and F. JIayo, J .  Ore. Cksm., 9, 33 (1938). 
(3) D. Applequist and K. Searle, J .  Amer. Chem. Soc., 86, 1389 (1964). 

1 mol of phenylcyclopropane to dibromidc and 2 mol 
are required in the conversion to tribromidc and hy- 
drogen bromide. Thc tribromide-dibromide ratio rc- 
mains constant throughout the course of the rcaction. 
The rclation botween the phenylcyclopropane concen- 
tration, P ,  and the bromine concentration, B,  is givcn 
in cq 1. Symbols, p,  Po, arid BO refer, respectively, to  

the ratio of tribromido to total bromides, initial phcnyl- 
cyclopropane concentration, and initial bromine con- 
centration. Equation 2 reprcscnts the second-ordcr 

rate cxprcssion for a reaction which is first order with 
respcct to both P and B. Equation 3 is the integratcd 

[Pn(l + P )  - (130 - . u "'3 (3) 

form of eq 2 in which P was substituted by thc quantity 
given in cq 1. Substituting 1' back into eq 3 yields 
the rate expression 4. 

Straight-line plots are obtained for more t,han 70% of 
the reaction in chloroform and methylene chloride when 
In (PBo/BPo) is plotted against timc. Derived sccond- 
order rate constant's arc given in Tablo I. Slight dc- 
viations from linearity appraring in some cases are at- 
tributcd to competing aromatic substitution, which 
occurs to  less than 10% when Bo/Po 5 1. The extent 
of these deviations is rcpresentcd by the coefficient of 
linear regression, R (Table I), dctctrmined for each 
kinetic run. Examination of th(x R valucs in Tablc I 
shows that the plots t m d  to  deviate least from linearity 
for the smaller values of Ro/PII. Coincidentally, thc 
amount of compcting aromatic substitution increases 
with increasing RO/PO. 

The second-order rate constant for the bromination 
of phenylcyclopropanc? in ethanol-frcxt chloroform is in- 
variable for Bo/Po values of 0.25, 0.50, and 1.00 (runs 
18-21, 31-34, and 28-30). Over 20% para substitu- 
tion occurs in competition with ring opening when BO/ 
Po is 2.00 (runs 16-17). Conscquently, the sccond- 
order rate constant was not dctcrminrd. Thc prcscncc 
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TABLE 18 
KINETICS OF THE ADDITION OF BROMINE TO PHENYLCYCLOPROPANE 

Solvent Run no. Bob PC Temp, OC k,C 10s 1. M-* sea-1 Rd i+ 

0.125 20.1 0.36 f 0.02 
3-6 0.125 0.125 20.1 7.83 f 0.25 0.995 0.36 f 0.02 

0.995 0.36 f 0.02 7-8 0.125 0.250 20.1 7.82 f 0.08 
9-10 0.09 0.36 20.1 7.46 f 0.05 0.998 0.36 f 0.02 

11-131 0.125 0.250 20.1 7.30 f 0.30 0.997 0.38 f 0.02 
14-151 0.125 0.250 5.0 2.97 f 0.03 0.989 0.38 f 0.02 

CHCla 16-17f 0.50 0.25 20.1 0.50 f 0.02 
18-21f 0.10 0.40 20.1 1.87 f 0.06 0.997 0.50 f 0.02 
22-23 0.10 0.40 20.1 2.31 f 0.01 0.997 0.38 f 0.02 
24-25f 0.10 0.40 5.0 0.825 f 0.015 0.998 0,50 f 0.02 
26-271 0.10 0.40 30.0 3.11 f 0.17 0.997 0.50 f 0.02 
28-30, 0.25 0.25 20.1 2.08 f 0.06 0.993 0.50 f 0.02 
31-34f 0.25 0.50 20.1 2.08 f 0.06 0.995 0.50 f 0.02 

3738f  0.25 0.25 20.1 0 * 0202 f 010002 0 I 997 0.57 f 0.02 
39f 10 0.25 0.25 20.1 0.0199 0,999 0.57 f 0.02 

CHClz 1-2 0 .25  

CCla 35-36 0.25 0.25 20.1 0.384 f 0.013 0.999 0 

a All experiments except run 39 were performed in the dark. Initial concentration of bromine, B, and phenylcyclopropane, P, in 
moles per liter. Rate constant reported with average deviation for multiple runs. d R = average coefficient of linear regression for 
multiple runs. e Mole ratio of tribromide product to total ring-opening products. f Contains 5 mol % isoamyl nitrite with respect to 
bromine. g In room light. 

of isoamyl nitrite has the effect of decreasing k by 20% 
in chloroform (runs 18-21 and 22-23). 

Likewise, the second-order rate constant remains in- 
variable for the reactions carried out in methylene 
chloride solutions when Bo/Po is varied from 0.25 to 
0.50 to 1.00 (runs 9-10> 7-8, and 3-6). However, when 
Bo/Po was 2.00, the second-order rate constant was not 
determined because of the nearly 30% para substitu- 
tion occurring in competition with the addition reaction 
(runs 1-2). Added isoamyl nitrite in methylene 
chloride decreases the rate constant by approximately 
7% (runs 11-13 and 7-8). 

Using data from Table I the enthalpy of activation, 
AH*,  and entropy of activation, AS*, were calcu- 
lated according to the absolute rate e q ~ a t i o n . ~  The 
activation parameters for the reactions carried out in 
chloroform were AH* = 8.3 f 0.8 kcal mol-' and 
ASzg3* = -43 f 3 cal mol-' OK-' (runs 18-21, 24- 
27). The activation parameters for the reaction car- 
ried out in methylene chloride were AH* = 9.3 f 
0.8 kcal mole-' and ASzsa* = -36 f 3 cal mol-' 
O K - '  (runs 11-13, 14-16). 

Straight-line plots are not observed when eq 4 is ap- 
plied to the addition of bromine to  phenylcyclopropane 
in carbon tetrachloride. However, plots of the recipro- 
cal of the bromine concentration against time are 
linear. Rate constants in carbon tetrachloride were 
determined using the rate expression kt = 1/B - l/Bo, 
which is derived from the rate equation dB/dt - kB2. 
It is obvious that  major kinetic differences exist be- 
tween the bromine addition to  phenylcyclopropane in 
carbon tetrachloride and in the other chlorinated sol- 
vents studied. We are not able a t  this time to  rational- 
ize this difference. Nevertheless, the rate constants 
for the carbon tetrachloride system are presented for 
comparative purposes. 

The rate constant for the bromination of phenyl- 
cyclopropane in carbon tetrachloride in the dark is de- 
creased by 95% when isoamyl nitrite is present (runs 
36-38, Table I). Room light does not affect the rate 
when isoamyl nitrite is present (runs 37-39). How- 

(4) K. B. Wiberg, "Physical Organic Chemistry," Wiley, New York, 
N. Y., 1964, pp 377-379. 

ever, without the added inhibitor room light has a 
drastic catalytic effect.' 

Some interesting comparisons can be drawn from 
Table I concerning the effect of solvent on the rate of 
bromination. The second-order rate constants mea- 
sured a t  20" for the dark reaction increase with in- 
creasing solvent dielectric constants in the order Ccl4  
< CHCls < CHzClz (runs 3-6, 22-23, and 35-36). 
Added isoamyl nitrite decreases the rate of bromination 
in each solvent without changing the overall order of 
the solvent effect (runs 37-38, 28-30, and 11-13). 
The ability of isoamyl nitrite to  retard the rate of 
bromination' is more pronounced in the solvents of 
lower dielectric constant. Added isoamyl nitrite de- 
creases the rate constant by 95% in carbon tetra- 
chloride, 20% in chloroform, and only 7% in methylene 
chloride. 

Since cinnamyl bromide (1) appeared to be a prob- 
able precursor of the t'ribromide formed in the addition 
of bromine to phenylcyclopropane, the rate of bromine 
addition to  1 in chloroform a t  22" in the dark was 

B C H 2 B r  g B r  

WCHiBP n Ph Br Ph Br Ph H 
1 2 . 3  

measured. The addition is observed to follow the 
third-order kinetic expression let = 1/B2 - 1/Bo2 when 
the initial concentration of 1 and bromine are equal. 
These results are consistent with reported third-order 
kinetics for the bromine addition to simple olefins in 
carbon tetrachloride.6 A straight line is obtained when 
1/B2 is plotted against time through 80% completion 
for runs where Bo and the initial cinnamyl bromide 
concentration are 0.025 M .  The ratc constant is 8.25 
1.2/M2 sec and the coefficient of linear regression, R, for 
the plot is 1-00. 

cis- and trans-l,2-diphenylcyclopropane were bro- 
minated in the dark in chloroform a t  20.1" with the 
initial bromine and hydrocarbon concentrations equal 
to 0.25 M. The time required for consumption of one 

(5 )  C. G. Gebelein and G. D. Frederiak, J .  Ore. Chhem., 87, 2211 (1072). 
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half of the bromine is 37 min for the trans and 12.5 min 
for the cis isomers. The bromine half-life for the addi- 
tion to the trans and cis isomers is 25 and 16 min, re- 
spectively, when isoamyl nitrite was present. 

Product Analysis. -The analysis and structure 
characterization of dl- and meso-1,2,3-tribromo-l13- 
diphenylpropane, p-bromophenylcyclopropane, 1,3-di- 
bromo-1-phenylpropane, and dl- and meso-1,3-dibromo- 
l13-diphenylpropane have been presented in a previous 
paper.' 

The erythro tribromide, 2, isolated from the phenyl- 
cyclopropane bromination product, has identical physi- 
cal and spectral properties with those of the erythro 
tribromide from the bromination of cinnamyl bromide, 
1. The dark addition of bromine to 1 in carbon tetra- 
chloride gives a mixture of two tribromides, 2 and 3. 
Since trans addition predominates under these condi- 
tions, the predominant diastereomer must be the 
erythro tribromide, 2. Thercfore the predominant 
downfield doublet (T  4.69) in the nmr of the cinnamyl 
bromide product mixture is assigned to the erythro 
benzyl proton. Moreover, the doublet coupling con- 
stant for the erythro isomer is larger than the coupling 
constant for the threo isomer. This observation is con- 
sistent with the results from earlier nmr studies of 
erythro-threo dibromide pairs.6 

The threo tribromide could not be separated from 
the phenylcyclopropane-bromine addition mixture. 
However, the spectral and chromatographic properties 
of the mixture are consistent with the presence of threo 
tribromide. 

The tribromide-dibromide product ratio is affected 
by both solvent and the presence of isoamyl nitrite. 
Isoamyl nitrite increases the amount of tribromide in 
the product by 57% in carbon tetrachloride (runs 35-36 
and 37-38), 12% in chloroform (runs 18-21 and 22-23), 
and 2% in methylene chloride (runs 11-13 and 7-8). 
The tribromide-dibromide ratio is the same for each 
of the three solvents a t  50 and 100% completion and 
remains unchanged by temperature in the range 5-30' 
(runs 11- 13, 14-15,24-25, and 26-27). 

Bromination of trans-l,2-diphenylcyclopropane in 
chloroform in the dark results in 100% conversion to 
1,3-dibromo-1,3-diphenylpropane. The dllmeso ratio 
is 1.0. Under the same conditions with 5 mol % of 
isoamyl nitrite added the resulting product consists of 
50% of 1,3-dibromo-ll3-diphenylpropane (dllmeso = 
l . O ) ,  approximately 20% of 1,2,3-tribromo-1,3-di- 
phenylpropane, and 30% of aromatic substitution 
products. Bromination of cis-1,2-diphenylcyclopro- 
pane in chloroform results in approximately 70% di- 
bromide (dl/meso = 45/55) and 30% tribromide. 
Addcd isoamyl nitrite has no appreciable effect on the 
product composition. 

Pure 1,3-dibromo-l-phenylpropane and erythro-1,- 
2,3-tribromo-l-phenylpropane were stable under the 
conditions employed for the addition of bromine. The 
stability of dl-  and meso-1,3-dibromo-1,3-diphenylpro- 
pane under reaction conditions had been determined 
previously. 

Discussion 
The results reported above for the dark bromination 

of arylcyclopropanes in chlorinated solvents in the 
(6) R. C. Fahey and J. J. Sohneider, J .  Amer. Chem. Soc.. 90, 4429 (1968). 

presence of isoamyl nitrite show the following charac- 
teristics: (1) the formation of 1,3-dibromo-l-phenyl- 
propane and 1,2,3-tribromo-l-phenylpropane as the 
main products from phenylcyclopropane; (2) the 
second-order kinctics, which are first order in both 
phenylcyclopropane and bromine concentration; (3) 
the increasing rate of bromine addition with increasing 
solvent dielectric constant, (4) the complete lack of 
stereospecificity in the addition to  2rans-l12-diphenyl- 
cyclopropane and near lack of stereospecificity in the 
addition to the cis isomer. 

These characteristics are consistent with addition 
occurring by electrophilic attack of bromine on aryl- 
cyclopropane and product formation involving inter- 
mediate ion 4. The sequence of steps is summarized 
in Scheme I. The rate-determining step, step 1, is the 

SCHEME I 

Ph Ph 
/ 4  

H,BrCHC= CHPh 
5 

I 
Ph 

Br 
I 

B-fBr 
Ph 

cleavage of the carbon-carbon single bond with ac- 
companying carbonium ion formation. 

Since bromine addition to cinnamyl bromide is fast 
relative to bromine addition to phenylcyclopropane, 
the ratio of tribromide to  dibromide in the final product 
will depend on the relative rates of steps 2 and 3 and the 
extent to which the fast radical addition, reaction type 
A, competes with the much slower ionic reaction, reac- 
tion type B. Our earlier results coupled with those re- 
ported here demonstrate that  reaction type A occurs 
photolytically or thermally and converts phenylcyclo- 
propane completely to 1,3-dibromo-l-phenylpropane 
but is effectively retarded by isoamyl nitrite. 

That the tribromide and dibromide products came 
from a common intermediate is consistent with the ob- 
servations that the tribromide to dibromide ratio re- 
mains constant throughout the course of the reaction 
and is not effected by a change in the initial bromine- 
phenylcyclopropane ratio. Moreover, the dibromide 
was found to  be stable to  reaction conditions. Since 
the tribromide-dibromide product ratio is inversely re- 
lated to the solvent dielectric constant, the amount of 
reaction proceeding by step 3 relative to step 2 de- 
creases with increasing dielectric constant. 

The complete lack of stereospecificity in the bromina- 
tion of trans-l,2-diphenylcyclopropane would suggest 
that the carbonium ion intermediate, 4, formed from 
phenylcyclopropane is symmetrical. Bromine atom 
participation such as in the bridged ring bromonium 
ion, 6 ,  would require a preference for trans stereo- 
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specific addition and therefore can be eliminated as a 
plausible intermediate. 
1,2-Dibromo-l-phcnylpropane1 an expected product 

of l,%cyclopropanc addition, mas undetected in product 
mixtures rrsulting from bromine addition to  phenyl- 
cyclopropane. Yet as much as 2% of this dibromide 
could be detected by iimr in synthetic mixtures. 1,2- 
Cyclopropane addition is observed in additions to  some 
alkylcyclopropane~.~*8 The absence of such addition 
in the case of tho arylcyclopropanes is undoubtedly the 
result of the increased stability of benzyl carbonium 
ions rclativo to  the bridge ion species of the type 
offered as intcrrnediates in 1,2 addition to  alkylcyclo- 
propanes. 

Diff erenccs in product composition and the effects 
of light and isoamyl nitrite connected with the carbon 
tetrachloride reactions seem best explained as follows. 
The photochemically or thermally initiated reaction 
(type A) is the only effective one in carbon tetrachloride 
solution, the ionic reaction competing only vory slowly. 
However, when isoamyl nitrite is added, reaction type A 
is strongly retarded and t.hc decreased rate of bromine 
consumption and appearance of tribromide reflects 
the occurrence of the ionic pathway given in Scheme I., 
In  contrast to  the carbon tetrachloride reactions, 
type A reaction in chloroform and mct,hylene chloride 
amounts to  only 20 and 7%, respectively, since thc 
reaction rates are drcreascd by 20 and 7% whcn iso- 
amyl nitritc is present. The tribromidc-dibromidc 
product compositions of the chloroform reaction sup- 
port t'his view. The observed tribromidc-dibromide 
ratios in the absence of isoamyl nitrite is 0.61 f. 0.04. 
The expected ratio is 0.66 based on 20% rcacthn type 
A, which yields only dibromide, and SO% type B, which 
yields tribromide and dibromide in a 1 : 1 ratio when iso- 
amyl ni bite is present. 

Experimental Section 
Spectra were obtained as follows: nmr in CDCl, solution 

(unless otherwise indicated), 1% ThlS ( r  10.00), Varian A-mA, 
symbols s, d, t ,  q,  and m refer to singlet, doublet, triplet, quartet, 
and multiplet, respectively; ir in CCh solution (unless otherwise 
indicated) Perkin-Elmer 137, 0.05-mm sample and reference 
cells, symbols s, m, w, sh, and br refer to strong, medium, weak, 
sharp, and broad, respectively; mass spectrum at  70 eV and 
160-165" with an all-glass heated inlet, Hitachi Perkin-Elmer 
1tblU-m. 

Melting points were determined on a Kofler micro hot stage 
and are uncorrected. Vpc was performed on a Varian Aerograph 
hlodel 200 and high-speed liquid chromatography was performed 
on a Waters Associates ALC/GPC Model 502 using conditions as 
indicated. The elemental analyses were performed by Galbraith 
Laboratories, Knoxville, Tenn. Evaporation of solvent or con- 
centration of solution was done at  the flash evaporator at rcduced 
pressures. 

Materials.-All solvents were distilled over P2Oa through a 
12-in. Vigreux column. Chloroform was washed successively 
with concentrated HISO,, water, and 10% aqueous Na2C03 
followed by preliminary drying (CaC12) prior to distillation. 

Bromine (reagent grade, Fisher) was used without further 
purification. 
- 

(7) R. T. LaLonde, J .  Amer. Chem. SOC., 87, 4217 (1965). 
(8 )  N. C. Den0 and D. N. Lincoln, J .  Amer. Chem. Soc.. 88, 5357 (1966). 

, I .  Orq. Chem., Vol. 38, N o .  25, 1973 4231 

Phenylcyclopropane was purchased from Chemical Samples 
Co. and found to be.at least 99% purc by vpc on both a Carbowax 
and x SE-30 colurrin. I ,?-Diphenylcyclopropanc wm purchmed 
from Chemical Samples Co. and separated on a spinning band 
c:olumn t,o obtairi cis [bp 110'' (0.2 mm)] and trans (bp 125' (0.2 
mm)] isomers. The cis isomer ww further purified by recrystal- 
lization from n-pentane. cis- and trar~s-l,2-Diphenylcyclo- 
propane were found to be greater than 99y0 pure by vpc (0.25 
in. X 8 ft, 5% SE-30 on Chromosort) W, 200°, flow rate of 1.4 
ml/sec). Retention timw of 5.2 min for the cis isomer arid 6.4 
min for the trans isomers were observed. Cinnamyl bromide was 
purchased from Aldrich Chemical Co. and distilled [bp 76' (0.3 
mm)] immediately before its use. 

Stock Solutions.-Stock solutions of approximately 0.5 M Brz 
in CCl,, CIICla, and CI-IzC12 were prepared by pipeting 1.3 ml of 
Br2 into 49 ml of the solvent in a ground glass stoppered volu- 
metric flask. The concentrahri of the solution was determined 
by titration with 0.1 A' KaZR,03 solution in the presence of excess 
KI.9 These stock solutions were then diluted to the desired 
concentration. 

Kinetic Procedure.-The reaction rates for the arylcyclopro- 
pane brominations were followed by determining the Br2 concen- 
tration spectrophotometrically with a Cary 1.5 spectrophotometer. 
The absorbance of the react,ion solution was determined in  a 2-mm 
quartz cell with a 1.9-mm spacer in the solvent indicated at  the 
following wavelengths: CC14, 415 nm; CITC13, 413 nm; 
CHzClZ, 411 nm. The diluted Br? and arylcyclopropane solu- 
tions were allowed to equilibrate thermally in a thermostated 
water bath in a darkened room, and then mixed in a blackened 
glass stoppered reaction flask. Aliquots were removed periodi- 
cally and the Br2 absorbance was determined. The first. reaction 
measurement was always made within 1 min of mixing. A fresh 
aliquot wLq removed for each measurement. The reaction prod- 
uct mixtures were isolated by flash evaporation of the solvent and 
excess bromine in the dark. 

The rate constants for the CHC1, and CH2C12 systems were 
calculated using the expression kt = 1/K In (B,P/I-'oU), where I' 
and B are the arylcyclopropane and Brt conccntratioris, respec- 
tively, PO and BO refer to initial concentrations, t is the time, and 
K = PO - Bo/(l - p ) .  The ratio of tribromide product to total 
ring opening products is p .  The rate constants for the CCh 
system were calculated using the expression kt = 1/R + l/Ro. 
All reported rate constants are the average of multiple runs 
followed through a t  least 70% completion, and were determined 
using a least squares method. 

Product Analysis.-The rat.io of erythro and threo tribromides 
to dibromide wits determined from the benzyl proton resonances 
in the nmr spectra of the crude product mixtures. The dibromide 
benzyl proton resonance appeared at r 4.89 (d of d, J = 7.8 H z ) .  
The benzyl proton of the erythro tribromide appeared at r 4.69 
(d, J = 9 Hz). The benzyl proton of the thrco tribromide 
appeared a t  r 4.47 (d, J = 4 Ha). Synthetic mixtures of tri- 
and dibromidm of various ratios were prepared from the pure tri- 
and dibromides. The percentage compositions of these synthetic 
mixtures determined by nmr agreed within 3 %  with the compo- 
sitions determined by weight. 

erythro- ( 2 )  and Ihreo- 1,2,3-Tribromo-l-phenylpropane (3)  .-To 
0.82 g of cinnamyl bromide in 6.6 ml of CHCh was added 6.1 ml 
of a 0.62 iM BrP in CHC13 solution. After decolorization (15 
min) the solution was flash evaporated to yield 1.13 g (100% 
yield) of a white solid. Nmr analysis revealed the product to 
contain a 1: 1 mixture of 2 and 3. When the bromination was 
carried out in cc14, the resulting product contained 85% of 2 and 
15% of 3. 

Recrystallization from pentane of the mixture containing tic?% 
of 2 gave pure 2: mp 123-124°;10 white needles; nmr (CDCh) r 
2.65 (s, 5 H, ArH), 4.69 (d,  1 IT, J = 9.0 I l z ,  ArCHBr), 5.28 
(quintet, 1 H, J = 9.0, 4.5, and 4.5 H z ,  C-2 H), 5.80 (q,  1 H,  
J = 11.5 and 4.5 IIz, C-3 H), 6.09 (q ,  111, J = 11.3 and 4.5 IIz, 
C-3 H) ;  ir (1% KRr pellet) 690 cm-1 (s, sh), 760 (m, sh), 825 
(m, sh),  880 (m, sh), 1130 (m, sh),  1230 (m, sh), and 1410 (m, 
sh);  mass spectrum m/e 3-54 (IN+), 356 (hI+ + 2 ) ,  358 (M+ + 4),  
350 (Mc f 6), 375, 377, and 379 (C&Brz+), I69 and 171 
(CsHjCHBr+), 117 (base peak, >I+ - Bra). 

(9) H. H. Furan, "Scott's Standard Methods of Chemical Analysis," 

(10) T. Taguohi. M. Tomoeda, and I. Aratani. J .  Amer. Chem. Soc., 78, 
Vol. I ,  Van Nostrand, Princeton, N. J . ,  1959. 

1468 (1956). 
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threo-i,2,3-Tribromo-l-phenylpropane (3) was purified by 
preparative liquid-solid chromatography employing a 0.0126 in. 
X 2 ft Corasil I1 column a t  a flow rate of 1.0 ml/min. The 
eluting solvent was n-hexane. The retention times for 2 and 3 
were 2.6 and 2.1 min, respectively. In this manner pure 3 was 
obtained as a clear oil: nmr (CDC13) 7 2.68 (s, 5 H,  ArH), 4.47 
(d, 1 H, J = 4 Hz, ArCHBr), 5.65 (m, 1 H ,  C-2 H) ,  6.20 (m, 2 
H,  C-3 H); ir 695 (s, sh), 1220 (m, sh), 1435 (m, sh), 1450 (m, 
sh), 1495 om-' (m, sh); mass spectrum m/e 354 (llL), 356 (AI+ + 
a ) ,  358 (%I+ + 4), 360 (Aft  + 6), 375, 377, and 379 (CsHsBr*+), 
169 and 171 (C6H6CHBrf), 117 (base peak, XI+ - Brg). Anal. 
Calcd for CsH9Bra: C, 30.28; H ,  2.54; Br, 67.17. Found: C, 
30.58; H ,  2.57; Br, 67.06. 

Stability of Ring-Opening Products to Reaction Conditions.- 
1,3-Dibromo-l-phenylpropane (200 mg) in 5 ml of a 0.25 iM 
Br2-CHCl3 solution was allowed to stand at  room tempera- 

ture in the dark for 40 hr. Flash evaporation of the aolvent and 
Brz yielded a clear oil which was determined to be the starting 
1,3-dibromophenylpropane by cdmparative nmr and ir analysis. 
2 (200 mg) in 6 ml of a 0.26 M Br2-CHClI solution was allowed 

to stand for 40 hr in the dark at  room temperature. Flash 
evaporation of the solvent yielded a white, crystalline solid, mp 
122-125', which was determined to  be the starting 2 by compara- 
tive nmr analysis. 
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The reduction of 3,3,5-trimethylcyclohexanone and 4-tert-butylcyclohexanone with diisobutylaluminum 
hydride (DIBAH) and with triisobutylaluminum (TIBA) has been examined in ether and in benzene. Reduc- 
tion of these ketones with DIBAH in 1: 1 stoichiometry produces the epimeric alcohols in quantitative yield. 
The isomer ratio of the product mixture is essentially independent of sclvent and reactant stoichiometry. On 
the other hand, reducticn of these ketones with TIBA is more selective and is accompanied by some (-5%) 
formation of aluminum enolate. The isomer ratio of the product mixture is essentially independent of solvent, 
but dependent on the reactant stoichiometry and the initial concentration of TIBA. Evidence is presented 
which indicates that the epimeric ratio of alcohol products is influenced by the degree of association of TIBA, 
complex formation between TIBA and the aluminum alkoxide formed, and isomer equilibration by a Meerwein- 
Ponndorf-Verley pathway. 

Since the reduction of chloral t o  2,2,2-trichloro- 
ethanol by treatment with triethylaluminum etherate 
was first noted, organoaluminum compounds have 
been investigated in considerable detail as reducing 
agents for a wide variety of organic functional groups. 
Although the reaction of organoaluminum reagents 
with carbonyl compounds can afford mixtures of alky- 
lated and reduced products, the primary mode of reac- 
tion is that of reduction when the organometallic re- 
agent has an available hydrogen at  a branched p posi- 
t i oq2  or contains aluminum-hydrogen bonds. Despite 
intensive investigation over a period of several decades, 
surprisingly little is presently known about the factors 
influencing the stereocheniistry of reduction. The 
present study was undertaken with a twofold purpose 
in mind: (1) to  systematically examine triisobutyl- 
aluminum (TIBA) and diisobutylaluminum hydride 
(DIBAH) as potential stereoselective reagents for the 
reduction of carbonyl compounds, and (2) t o  delineate 
the experimental parameters affecting the stereochem- 
istry of reduction, particularly the effect of reactant 
stoichiometry on stereochemistry in hydrocarbon sol- 
vent. 

Reduction of 2-methylcyclohexanone with DIBAH 
leads to  predominant formation of cis-2-methylcyclo- 
hexanol, the least stable of the two expected  alcohol^.^ 

However, because of the conformational mobility of 
2-methylcyclohexanone, stereochemical interpretation 
of this result is a t  best uncertain. Furthermore, the 
isomer ratio of the product mixture was determined by 
measurement of density, a technique considerably less 
accurate than modern gas chromatographic methods. 
Haubenstock and Davidsonj found that the composi- 
tion of the product mixture obtained by reduction of 
3,3,5-trimethylcyclohexanone with TIBA in benzene 
a t  42' was dependent on the ratio of reactants. When 
TIBA was present in excess, the product mixture con- 
tained 96% of the least stable alcohol, truns-3,3,5-tri- 
methylcyclohexanol. In  the presence of excess ketone 
the isomeric ratio of the product mixture changed with 
time , approaching pure cis-3,3 , 5-t rimet hy lc y clohexanol 
after 31 hr a t  42'. This vas  attributed to  thermo- 
dynamically controlled isomer equilibration via a 
Meerwein-Ponndorf-Verley type reduction involving 

R,CHOAI-i-Bu? + R&=O 

L R 
(1) H. Meerwein, G. Hins, H.  Majert, and H. Sonke, J .  Prakt. Chem., 

( 2 )  K. Zeigler in "Organometallic Chemistry," H. Zeiss, Ed., Reinhold, 

(3) 1%'. L. Everson and E. M. Ramirez, Anal. Chem., 87, 806 (1965). 
(4) L. I. Zakharkin and I. &I. Khorlina, Izu. Akad. Nauk  SSSR,  Otd. 

147, 226 (1936). 

New York. N. Y., 1960, Chapter 5. 

Khim.  Nauk . ,  1144 (1961); Chem. Abstr.,  66,27135e (1961). 

a six-center transition state. The authors concluded 
that hydride transfer in a kinetically controlled process 
occurs predominantly from the least hindered side of 
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