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The rates of addition of bromine to a homologous series of cyclopropane carbosylic acids (Ia,b,c,d,e) and butylcyclopropane 
(If) have been studied in aqueous acetic acid. The second order rate constants obtained rise to R limiting value as the series 
is ascended. A mechanism involving electrophilic attack b y  bromine molecules as the rate-determining stage is suggested. 
Energies and entropies of activation are calculated for each member of the series. 

Cyclopropanes are known to combine additively 
with bromine by fission of the cyclopropane ring.2.3r4 

We now wish to report on the kinetics of this re- 
action in aqueous acetic acid solution. h series of 
homologous cyclopropane carboxylic acids (Ia,b, 
c,d,e) and the parent hydrocarbon butylcyclopro- 
pane (If) were chosen for study. 

i a )  R = COOH 
(tij R = CH2COOI-I 

HZC-CHR (c) R = CHZCHZCOOII 
(d) R = CHzCHzCHzCOOH 

I (e) R = CHzCH2CH2CH~COOH \C/ 
Hz ( f )  R = CHZCH~CH~CH~ 

Cyclopropanecarboxylic acid (Ia) showed no 
tendency to absorb bromine from aqueous acetic 
acid solutions. This is in accordance with an earlier 
observation of Perk i~ i .~  The homologous cyclopro- 
panes (Ib, c,d,e,f), however, absorbed one mole of 
bromine slowly under similar conditions. Rate 

TABLE I 
SECOND ORDER RATE CONSTASTS FOR THE ADDITIOX O F  
BROMINE TO CYCLOPROPANEACETIC A C I D  IN  37.5% .4QUEOUS 

ACETIC ACID (concentrations M/20) 

ilbsorption 
Temp., of Bromine, 

"C. % Time (min.) 10ek2 (sec.-l) 

2 7  2820 3 27 
5 0  7020 2.98 

8 0  1200 24 2 
24 13 4 2070 21 7 

18 0 2820 25 9 

4 5  135 116 
40 1-1 0 495 110 

27 0 1325 93 

0 
kJ(mean) = 3 12 X 

k,(mean) = 24 9 X 

kl(me,zn) = 106 X 10-6 

( 1  ) Visiting Postdoctoral Fellow, Princeton L-niversity, 
1953-1954. Present address, Department of Chemistry, 
Birmingham liniversity, England. 

(2) Wagner, Wolff, and Wallis, J .  Org. Chem., 17, 520 
(1952). 

(3) Kharasrh, Fineman, and IIayo, J .  Am. Chem. Soc , 
61, 2139 (19311) 
(4) Vogel, Fortschr2tte der Chenzzschen Forwhuny, 3, 1i2 

(1055) 
(5) Pellilll, I ('he,,, S O L  ~ 47, 810 (188.5, 

measurements, carried out at  varied dilutions and 
temperatures (Tables I, 11, 111, IV, Tr), gave con- 
sistent second-order rate constants (kz) for the 
simple addition reaction : 

Or2 + cyclopropane + [Bjf.?, cyclopropnnc] + 
I1 I11 15- 

Fission Producats 

TABLE I1 
SECOND ORDER RATE COSSTANTS FOR THE &ADDITION OF 
BROYIKE TO CYCLOPROP~NEPROPIONIC Acrn IS 37 5% 

AQUEOUS ACETIC .Icru (concentrations 11 '20) 
~~ 

.Ihsorption 
Temp., of Bromine, 

"C. % Time (n1in.i IO%? (set.-') 

5 5  
0 9 5  

13 5 

20 0 
24 25 5 

30.5 

18 0 
40 28 0 

41.0 

330 6 26 
570 6 14 
810 6 42 

kJ(menn) = 6 27 X 10-5 
120 69.4 
180 63 2 
240 01 0 

40 183 
70 185 

130 179* 

k2(mean) = 64 5 X 10-5 

kdmean) = 181 X 10-5 

* k, values above 40% absorption of bromine not included 
in mean value. 

TABLE I11 
SECOND ORDER RATE CONSTANTS FOR THE ADDITIOX OF 

~ Q V E O U S  ACETIC ACID (concentrations 51/80) 
BROMINE TO CYCLOPROPASEBUTYRIC ACID I N  37.5 % 

.ihsorption 
Temp., of Bromine, 

"C. '% Time (min.) 1051i2 (sec.-l) 

t i  0 
0 8 0  

11 0 

13 0 
24 I 8  5 

23 5 

11 2 
40 17 8 

28 5 

300 28.4 
420 27 6 
600 27 5 

60 332 
90 346 

130 31 5 

20 811 
30 x12 
50 <m10 

k?(mean) = 27 8 X 1 0 - 6  

k,(mean) = 328 X 10-6 

k2(niean) = 921 x 1 0 - 5  
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TABLE IV 
SECOND ORDER RATE CONSTANTS FOR THE ADDITION OF 

BROMINE TO CYCWPROPANEVALERIC ACID I N  37.5% 
ACETIC ACID (concentrations M/40) 

Absorption 
Temp., of Bromine, 

OC. % Time (min.) 10'k, isec.-') 

30 450 6 .36  
34 .5  ti30 5 .58  

kx(menn) = 5 .97  X lo-' 
26 40 58 .6  

24 38 80 51 .1  
50 140 47.6* 

k.(mean) = 54.8 X 10-4 
21 .5  20 l i 7  

40 27 .5  30 169 
38.5 50 167 

0 

k,(mean) = l i l  X IU-' 

* k? vslues above 40% absorption of bromine not includcd 
in mean value. 

TABLE V 
SECOND ORDER RATE CONSTANTE FUR THE AUDITION OF 

Absorption 
Temp., of Bromine, 

"C. '% Time (mill.) IO*kz (scc.-~)  

15.5 1 80 13.6 
0 21.5 aoo 12.2 

31 .5  480 12 .8  

lti.0 20 127 
24 21 .0  30 118 

30.5 50 117 

12.5 5 382* 
40 29.5 15 371 

40.0 25 355 

k?(mean) = 12.9 X 

k.(mean) = 121 X 10-4 

k*(mean) = 363 X lo-' 

* k, values measured at less than t en  minutes not included 
in mean value. 

Plots of -log kz against the number of carbon 
atoms (n) intervening between the cyclopropane 
ring and the carboxyl group (Figure 1) show that 
-log kz decreases to a limiting value as n increases 
along the homologous series. The limiting value 
corresponds to -log k, for butylcyclopropane (if, 
n = m )  where the carboxyl group is at  an infinite 
distance from the ring. 

The influence of temperature on the rates of ad- 
dition is expressed by Arrhenius plots (Figure 2 )  
corresponding to an energy of activation (EexD. = 
14.5 i 1 kcal.) which is constant within experi- 
mental error for each member of the series (Table 
VI). The entropies of activation (AS:, n = 1, 2 ,  3, 
4) were calculated from the absolute rate equa- 
tion? 

4 3 0 I 2 
?I 

FIG.  CHANGE OF SECOND-ORDER RATE CONSTANTS 
(kJ WITH NUMBER OF CARBON ATOMS (n) BETWEEN CYCLO- 
PROPANE RING AND CARBOXYL GROUP. 

by substituting = 14.5 kcal., and the corre- 
sponding constants (kz, n = 1, 2, 3, 4) for any one 
temperature (Table VI). The values of AS: plotted 
against n (Figure 3) lie on a smooth curve which 
approaches the limiting value of AS: for butylcyclo- 
propane. 

Our general reaction follows similar kinetics to 
the addition of bromine to olefines in aqueous acetic 
acid.?,*,9 This suggests a common mechanism in- 
volving electrophilic attack by bromine molecules 
as the rate-determining stage. We postulate an in- 
termediate activated complex (IV) which arises by 
co-ordination of the positive center in a polarized 
bromine molecule with the delocalized orbitals of 
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TABIJC VI 

liu.uur.wo~-s CYCLWRWARES 
MEAN SECOND ORDER I h T E  CUSSTANTS, 1';NF;R<;IES, AND I.:NTROI'IES OF ACTIV.kTIOX F0R TllE r \UDI"US OF I h M I N E  TO 

Cyclopropnne log ks log kl lo& kl Eaxw -AS: 
derivative kd0") kr(24=) kd40') (0") (24') (40') (keal.) (e.v.) 

acid 3.12 X lo-' 24.9 X 10-6 106 X IO-# -5 .51  -4.00 - 3 . 0 7  15.1 32.6 

pionic acid ti.27 X 64 .5  X 10" 184 X -4 .20 -3 .18  -2 .74  14.2 26.6 

Cyelopropaneaeetie 

Cyclopropsnepro- 

Cyclopropsnebuty- 
rie acid 27.8 x 10.-5 328 x 1 0 - 6  921 x 10-6 -3 .56  -2 .48 -2.04 15.0 3 . 4  

Cyelopropsncvslcrie 

nutyieyciopropanc 12.9 x 10-4 121 x 10-4 3rd x 10-4 -2.89 -1.92 - 1 . 4 4  1 4 . 1  20.6 
IL*o. (mean) = 14.5 

acid 5.97 X 1W4 54.8 X 171 X -3 .22 -2.2ti - 1 . 7 7  1 4 . 2  21.8 

the cyclopropane ring,',l" fission of which com- 
pletes the reaction. The addition of bromine to ole- 
fins may involve a similar intermediate complex of 
the rr-bonded type.s." This mechanism is in agree- 
ment with our observation that the rate of addi- 
tion of bromine is decreased by added bromide ion 
(lithium bromide) which reduces the concentration 
of bromine moleci~les'*~ by the equilihrinm: 

0 1 2 :3 4 
n. 

FIG. 3.-CHANGE OF ENTROPIES OI ACTIVATION (Sz)  WITH 
NUMBER OF C A R B O N  ATOM8 ( n )  B E T W E E N  CYCLOPROPANE 
I h e  ANU CARBOXYL GROCP. 

Br* + Bra f I W  

The influence of the carboxyl group is also con- 
sistent. The inertness of cyclopropanecarboxylic 
acid (Ia) to the addition of bromine in our experi- 
mentsI2 we ascribe to conjugation hetween the 
cyclopropane ring and the adjacent carboxyl group4 
which reduces the availability of the cyclopropane 
orbitals for coordination with electrophilic bro- 
mine. The anomalously slow bromination of acrylic 
acid in acetic acid solution' is analogous. In cyclo- 
propaneacetic acid (Ib) where conjugation is not 
involved, the orbitals of the cyclopropanc ring are 
restrained by the inductive effect (-1) of the car- 
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boxyl group. Consequently bromine is bonded 
only weakly, and the rate of addition is slow.L4 As 
the series of homologous acids is ascended (Ic,d,e) 
the cyclopropane orbitals grow less restrailled as 
the inductive effect weakens, and the rate of addi- 
tion of bromine increases. h limiting rate is reached 
in the case of hutylcyclopropane (If) where the in- 
ductive effect of the carboxyl group no longer oper- 
ates. 

In  the light of recent work*s the inductive effect 
observed may be ascribed primarily to spatial in- 
teraction between the carboxyl group and the 
cyclopropane ringLQ 

Hydrogen bonded structures such as 

J 
I'HOTOGRAPe O F  CYClnPROT:~NECI\RBOXYLIC ACID hfOnEL 

(lefl), A N D  CYCLOPRoPANEACETlC ACID MOl>Elr (vight), 
SHOWING POsslBlLlTY FOR 1.tYI)ROGEN HONI>INO BETWEEN 
CARBOXYLIC HYDROGEN AND THE Cycr.oraoPmE RING. 

would reduce the availability of the cyclopropane 
orbitals for coordination with bromine. The effect 
mould decrease on ascending the series due to weak- 
ening of the hydrogen bonding in the larger ring 
structurcs. 

The negative values of AS:, which suggest an 
ordered, solvated activated complex, account for 
the fact that addition of bromine is slom despite the 
low value of the activation energies. Since the latter 
are constant the increase in reaction rate along the 
series is determined largely by the increase in AS: 
due to a loosening of the complex as a whole, and a 
breaking down of solvation. 

EXPERIMENTAL 

Cyelopropanerarhoxylic acid (In). The acid, prepared by 
the methods of McCloskey and Coleman," and Smith and 
McKeneie," was ohtained as a colorless liquid (b.p. 8 0 W ,  
15 mm.). 

Calc'd, equivalcnt for C4HsOl:8G.1.Faund, equivalent:SG.G. 

VOL. 21 

Cyclopropaneaeelic acid (Ib). Cyclopropanecsrlroxylic acid 
(25 9.) was cooled in ice and thionyl chloridc (42 g.) was 
dropped in. Thc product WAS wmmcd an  a steam-bath for 
one hour, dissolved in dry ether (100 ec.), and dropped into a 
well-stirred solution of diazomethanc (35 g.) in ether (1200 
ee.). The mixture was set aside at room tomporuture for one 
day, and the ether was removed, lcnving the diaaoketoiie 
shich was dissolved in methanol (50 ec.), and dropped into a 
suspension of silver oxide (1.0 g.) in boiling methanol (175 
ec.). Further portions of silvor oxide (8 g.) wcre added at 
intervals to tho refluxing mixture, until :L test portion no 
longcr evolved nitrogen on szidifying with hydrochloric 
acid. The mixture \KLS filtered, Ixiaifird with aqueous 
pokrssium hydroxide (2.5 N ,  250 cc.), rcfluxvd for two 
hours, and the excess methanol wa8 distilled off. The mix- 
t w o  was cooled, extracted with ether, and the aqiteous layer 
WBB acidified (Congo) vi th  iec-cold sulfuric acid (2.5 N). 
Cycloproprtneacetic acid soparntod as an oil which w:u 
isolated by extraction with other and distilled under re- 
duccd pressure as a colorlcss liquid (13.5 g., 47%) boiling at 
nUD/15 mm. Smithsnd McKcnzio"rcportod h.p. 189-191"/ 
i50 mm. 

Cnlc'd, equivalont for C,H,O*: 100.1. Found, equivalent: 
100.4. 

Tho p-bromophenaryl esler, prepared in the usual wny, and 
crystallized from petroleum ether, melted at 82'; Smith nod 
XlcKonzie reported m.p. 83". 

Cliclopropanepropionir acid (IC). The acid, prepnred from 
cyclopropanencetic acid by the foregoing procedure, was oh- 
tnined as a colorless liquid h.p. 101'/15 mm. 

Cnlc'd, oquivalont for CsHluOz: 114. Found, equivabnt: 
113. 

Anal. Culc'd for CsH,,02: C, W.10; H, 8.83. Found: C, 
ti2.81; H, 8.97. 

Cydopropaneblyricc acid (Id). The acid, preparcd from 
cpclopropnnepropionic acid, was obtaincd a8 a colorlcss 
liquid h.p. 115"/15 mm. 

Czlc'd, equivalent for CIII,,O1: 128. Found, equivdcnt: 
127. 

Anal, Calc'd for C7HL2O2: C, 65.60; Ii, 9.44. Found: C, 
65.13; H, 9.16. 

Cyclopropanevaleric acid (IC). Tho acid, preparcd from 
cyclopropanebutyric acid, was obtained as a colorless liquid 
h.p. 127'/15 mm. 

Calc'd, equivalcnt for CsH,,Oz: 140. Found, equivalent: 
142. 

Anal. Cdc'd for C,H,.O,: C. 67.5G; H, 0.93. Found: C, 
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. .  
G6.W; H, 9.43. 

B,dyleyclopropane (If). The hydracmhon, prepared by the 
Gustavson cyclization of Zbutyl-1,Sdibromopropane ac- 
cording ta the procedure of Pines, Huntsman, and Ipatielf," 
was obtaincd as x colorless liquid b.p. 97-99'. 

Anal. Cnle'd for CIHa: C, 85.62; H, 14.39. Found: C ,  
86.11; H, 14.70. 

Rale studies of the addition of bromine in aqueous acetic 
acid. Acelie acid (dul'ont, C.P. Reagent) was purified by 
frcerine and fractional distillation over chromium trioxide. 
Bromine was purified by distillation over potussium bromide. 
Reactions were carried out in stoppered, amber glass bottles 
immersod in a thermostat. Standard solutions of bromine 
and of each of the cyclopropanes in 37.5% aqueous acetic 
acid were freshly prepared. Accurakly measured volumes of 
the reagent solutions were mixed at O 0 ,  24', and 40" and the 
rate of hromination was followcd by titration with standard 
Bodium thiosulphate. 
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