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We have examined the kinetics of SNZ ring closure of 3-bromopropyldimethylamine (1) ((2-3) to a four-mem- 
bered ricg and of 6-bromohexyldimethylamine ( 5 )  ( C - 6 )  to a seven-membered ring as part of a study of steric fac- 
tors in substitution reactions. We have made a few measurements on the cyclization of the C-5  homologue 4 and the 
polymerization of the C-8 homologue 6. At 25 "C in methanol the rates for cyclization ( k l )  and for polymerization 
( k z )  are as follows (lo5 s-l and lo5 M-' s-l): C-3, 5.3,  2.9; C - 5 ,  1130, -; C-6, 1.7, 1.5; and at 80 eC k2 = 85 X 
M-' s-l for C-8. Both four-membered ring formation and seven-membered ring formation dominate over polymer- 
ization in solutions more dilute than 0.1 M. Thermodynamic data for ring-closure reactions have been summarized 
arsd it is shown that the classical explanation of ring-closure effects gives the wrong ratio for five-membered vs. six- 
membered ring closure by a factor of about IO4 and the wrong ratio for four-membered vs. seven-membered ring 
closure by about 

Current interest in substitution reactions of the S N ~  type 
embraces a number of different aspects ranging from detailed 
theoretical and mechanistic considerations of pos- 
sible ion pair  intermediate^^.^ to the energetics of solvent ef- 
fect@-8 and the computation of steric e f f e c t ~ . ~ - l ~  We are 
particularly interested in steric effects and are obtaining ex- 
perimental data on ring closure reactions since these may 
provide valuable examples for testing the computations. 

The general features of ring-closure reactions are well 
known; in the competition between cyclization and poly- 
merization, c:yclization wins out for formation of five-mem- 
bered or six-membered rings.13 Ring-closure reactions have 
been reviewed by Capon,15 Page,14 and Stirling,16 and recently 
Baldwin17 has proposed some general correlations. 

The classical explanation of the relative rates of closure of 
rings is based on a competition between hindrance of ring 
strain, which is large for three-membered and four-membered 
rings, smaller for five, and negligible for six, and the mono- 
tonically decreasing probability of the ends reaching each 
other.'* There is also transannular hydrogen crowding in in- 
termediate rings (%I2 atoms). 

The energy factors are intriguing. For the prototype ring 
closures pentane to cyclopentane and hexane to cyclohexane, 
the six-membered ring is favored by about 3 kcal/mol based 
on AGof.14 In some S N ~  reactions the rate constants for closure 
of the five-membered ring are faster than closure to the six- 
membered ring by factors of about 100 to 1000. This amounts 
to about 3 to 4 kcal/mol. There is accordingly a discrepancy 
of some 6 to 7 kcal/mol that needs an adequate theoretical 
explanation. In other words, the product rings are not good 
models for the transit ion states.14 We return to this question 
in the Discussion. 

Other  steric^ factors are also important. Alkyl substitution 
on the backbone accelerates the rate of ring cl0sure.~sJ9 This 
is often called the gem-dialkyl effect, and several examples 
are known.z'J-'2 The magnitude of the gem-dimethyl effect is 
sometimes predictable from consideration of enthalpies of 
conversion of substituted alkanes to substituted cycloal- 
kanes.19 

Results 
In this study we have examined the rate of the thermal Sp~2 

reactions of 3 .bromopropyldimethylamine 1, and of related 
homologues in methanol. We are mainly interested in rela- 
tively large rate differences among a series of compounds, and 
the purpose of the present study was to explore the general 
characteristics of the reactions. There have been several 
studies of cyclizations of primary  amine^,^^-^^ but numerous 
possibilities for side reactions have raised some questions of 
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interpretation.26 The tertiary bromoamines such as 1 (and 4, 
5, and 6) can still undergo a variety of reactions, but cyclization 
(eq 1) and polymerization (eq 2) predominate. The principal 

BrCH-CH2CHLN(CH,), - CH CH2 (1) 

,cq- 

c<'\cHj Br 

k 

\- / 
1 Y +  

1 + 1 B~CH~CH.CH&CH )?CH.CH CH,N(CH,), (2)  
Br- 

J 

Br(CH,),,N(CH,)> 4 . n  = 5 ;  5.n =ci: 6.n  = 8  

disadvantage is that  cyclic products such as 2 and polymer 
such as 3 are not in general easy to separate nor to analyze, 
although 2 itself can be determined by NMR. 

I t  is well known that reactions becween amines and alkyl 
haiides, often called Menshutkin  reaction^,^^ are particularly 
sensitive to solvent effects.c8 The reactions in alcohols show 
an intermediate rate, and the rates are only moderately sen- 
sitive to small amounts of water. In most of our studies we used 
the hydrobromide salts of 1 and its homologues. The salt was 
dissolved in methanol and prepared for reaction by adding a 
known amount of a solution of sodium hydroxide in methanol. 
This in effect introduces a small amount of water (2% maxi- 
mum, usually much less). 

The reactions of 1,4, and 5 are more or less first order. The 
detailed kinetics are in principle complex: there is a compe- 
tition between first-order cyclization (eq l) and second-order 
polymerization (eq 2). With a large excess of alkali (mostly 
NaOCH3) there is a direct second-order reaction which we 
designate kbase. Reactions 1 and 2 also are subject to  a salt 
effect, eq 3 (acceleration). 

(3) 
k = k l o ( l  + b'[salt]) 
k z  = k2'(1 + b'[salt]) 

There is one other complicating feature in that dimer 3 (eq 
2 )  does not cyclize appreciably under the present conditions, 
and hence the reaction is not strictly of the first plus second 
order type. I t  is nevertheless possible to effect a reasonable 
dissection based on an analysis of the apparent first-order 
constants obtained over an extended fraction of the reaction 
using eq 4. 

kl(apparent) = k l  + kZ[bromoamine, initial]/2 (4) 

We have, however, computed k l ,  k z ,  and b' of eq 3 by a least- 
squares procedure based on numerical integration of eq 5.  In 
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Table I. Rate Constants for Cyclization (kl) and 
Polvmerization (h)" 

C-3 (1),g C-5 (4),h C-6 ( 5 ) , i  C-8 ( 6 ) , l  
25°C 25°C 25OC 80°C 

10' k i b  5.3 113OC 1.7 . . .  

b' (eq 3) 0.4 . . .  0.4 . . .  
105 kzd  2.9 . . .  1.5 85e,f 

a Solvent is methanol; rate constants have std dev of about 15%. 
In s-l. Extrapolated. M-l s-l. e 0.5 X at 25 "c. f kbase 

= 3 X Reg- 
istry no.: 65102-10-5. i Registry no.: 65102-11-6. 1 Registry no.: 

M-' ~ - 1  at 80 "C. g Registry no.: 53929-74-1. 

63411-31-4. 

Table 11. Yields of Dimethylazetidinium Bromide (2) 

Concn % yield % yield 
of 1, of 2, of 2, 
M obsd calcda 

0.02 100 99 
0.1 89 94 
0.2 90 . . .  
0.5 75 77 
1.0 63 63 

a From eq 5 and rate constants in Table I by numerical inte- 
gration. 

these equations A stands for bromoamine 1 or 5 ,  and Z is dimer 
or polymer having reactive end groups. 

ki 
A( 1) + cyclic product(2) + Br- 

k:! 
A + A + Z(3) t Br- 

( 5 )  
2k2 

A + Z - Z + Br- 

k:! 
Z + Z .--3 Z + Br- 

A + base 2 AOCH3 

Z + base kbase ZOCH3 

The relevant rate constants are summarized in Table I, 
product data for 1 are presented in Table 11, and Arrhenius 
equation parameters are in Table 111. The approximate kbase 

for 1 and for 5 is about 1 x 10-5 M-1 s-1. The reported rate 
constant for reaction for n-butyl bromide and sodium meth- 
oxide in methanol at  25 "C is 0.9 X M-l s-1,28 

Discussion 

Since the purpose of our studies has been to explore overall 
effects of structure on reactivity, we have not sought to carry 
out the range of experiments necessary to evaluate in detail 
the effects of temperature on the cyclization or the polymer- 
ization, nor have we sought to explore salt effects in detail. Our 
studies do establish the fact that  closure to four-membered 
rings and to seven-membered rings will usually dominate in 
solutions more dilute than 0.1 M, and they provide the nec- 
essary guidelines to show when serious departures may be 
anticipated. 

Our data also show that competition from direct reaction 
with methoxide ion is not important in the presence of 0.1 M 
sodium methoxide, nor are other intermolecular substitution 
reactions important at  such concentrations. These conclusions 
are significant in that they serve to validate the various pre- 

Table 111. Arrhenius Parameters for Overall Reaction 

A x l O - l O /  Elkcal Temp 
s-l a mol-' 0 range. "C 

C-3 (1) 34.151 21.510 f 0.1 25, 35, 40, 45 

C-6 ( 5 )  2.537 20.695 & 0.12 25, 35, 45, 55 
C-8 (6) 0.1443 19.761 f 1.3 60, 70,80 

a Units for C-8 are s-1 M-1. Error limits on A are lO?h for 1,20% 
for 5,  and a factor of 2 for 4 and 6. A and E are correlated; they are 
given to  enough places to reproduce the rate constants without 
round-off error. The solvent was methanol, concentrations were 
0.2 Mor less, and the principal reaction is cyclization for 1,4, and 
5 and polymerization for 6 (C-8). 

C-5 (4)  2.270 16.781 f 0.5 -2, -11, -22 

Table IV. Rates of Cyclization of H2N(CH2)nBr in Water 
at 25 'C24925 

0.036 
0.0005 

30.0" 
0.5 
0.001 
0.0075 
0.00011 

vious studies of cyclization of primary bromoalkylamines, 
whose behavior had been in some doubt.26 With the primary 
amines it is, of course, necessary to use an excess of base to 
avoid complexities of acid-base competition between reac- 
tants and products. 

We shall not attempt to review the literature, but our 
studies now indicate that most of the previous work based on 
primary amines can be accepted as valid measures of cycli- 
zation rates. The Freundlich data is an example (Table IV). 
In these studies the relative rate for cyclization to six-mem- 
bered vs. seven-membered rings is about 500 while we find 
about 650; the relative rate of seven- vs. four-membered rings 
is 2 while we find 

Table V summarizes the enthalpies, entropies, and free 
energies of representative cyclization reactions. In  making 
such comparisons it is advisable to  be sure that the reactions 
are isostructural, that ,  for example, hydrogen removal con- 
sistently comes from methyl as in the first nine entries. The 
entries show the modern assignment of strain (Am), of en- 
tropy (AAS),  and of overall strain plus entropy effects (AAG).  
For a given sized ring the data do correlate the gem-dimethyl 
effect, cyclization to 1,l-dimethylcyclohexane being favored 
over cyclization to cyclohexane. 

Table VI summarizes the ring closure data of Table V. If 
cycloalkanes are taken as models for the cyclization process, 
then the AAG values of Table VI summarize the classical 
predictions. Because of the large values of the strain energy 
terms ( A S ) ,  the formation of four-membered rings is pre- 
dicted to be slower than formation of seven-membered rings 
by AG - 17 kcal/mol or about Experimentally the rates 
are about equal. The relative rates for five-membered rings 
and six-membered rings are also in the wrong order. The 
prediction is a ratio of 1/300 and the observed ratio is perhaps 
1000. I t  is clear that  rate predictions based on the classical 
explanation are of limited value. 

Experimental Section 

for the dimethylamino series. 

3-Bromopropyldimethylamine (1). 3-Dimethylaminopropanol 
(21 g) was added to 50 mL of 48% hydrobromic acid and the flask was 
swept with nitrogen. The mixture was heated rapidly to 110-120 "C 
and held there for about 4 h. Solvent was removed at water pump 
pressure and the residue was further dried by azeotropic distillation 
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Table V. Enthalpy, Entropy, and Free Energy of Cyclization, Based on Formal Reactions 

Product Registry no. A S b  AH A G b  A A S b c  AAHC AAGb.C 

2RCHs --t RCHzCHzR + Hz 
Alkaned -5.1 10.2 11.7 0 0 0 
Cyclopropane 75-19-4 17.1 37.6 32.5 22.2 27.4 20.8 
C yclobutane 287-23-0 14.2 36.5 32.3 19.3 26.4 20.6 
C yclopentane 287-92-3 11.9 16.5 13.1 16.7 6.4 1.4 
Cyclohexane 110-82-7 3.3 10.5 9.5 8.4 0.4 -2.2 
Cycloheptane 291-64-5 4.4 16.4 15.0 9.5 6.2 3.4 
C yclooctane 292-64-8 1.0 19.8 19.5 6.1 9.6 7.8 
1 ,I -Dimethylcyclopentane e 1638-26-2 15.0 15.7 10.9 20.1 5.5 -0.8 
1,l-Dimethylcyclohexanee 590-66-9 8.2 9.9 7.5 13.3 -0.3 -4.2 

Alkaned -29.0 -19.9 -11.4 0 0 0 
Cyclopropane -7.0 7.9 10.0 21.9 27.7 21.4 
C yclobutane -9.6 6.4 9.3 19.4 26.3 20.7 
C yclopentane -12.7 -13.5 -9.7 16.3 6.4 1.7 

C ycloheptane -19.4 -13.6 -7.8 9.5 6.2 3.6 

RCH=CH2 + R’CH3 --* R(CH2)zR’ 

Cyclohexane -20.7 -19.5 -13.3 8.3 0.4 -1.9 

C yclooctane -22.9 -10.2 -3.4 6.1 9.6 8.0 

Alkaned -10.2 9.2 12.2 0 0 0 
1,l-Dimethylcyclopentane 10.4 13.5 10.4 20.6 4.3 -1.8 
1,l -Dimethylcyclohexane 3.3 8.2 7.3 13.5 -1.0 -4.9 

cis- Alkene -25.3 -31.1 -23.6 0 0 0 
C yclobutene 822-35-5 -6.5 -8.5 -6.5 18.8 22.6 17.6 
Cyclopentene 142-29-0 -9.6 -26.6 -23.8 15.7 4.5 -0.2 
C yclohexene 110-83-8 -13.9 -30.8 -26.7 11.4 0.3 -3.1 

RCH(CH3)z + R’CH3 --* RC(CH3)2CH2R’ 

RCzCH + R’CH3 4 CLS-RCH=CHCH~R’ 

cis-R-CH=CHR’ - cycloalkene + Hz 
Alkane (from 1st line above) -5.1 10.2 11.7 0 0 0 

Cyclopentene 11.3 14.6 9.3 16.5 4.4 -2.4 
Cyclohexene (from 2-hexene) 6.8 11.2 9.2 11.9 1.1 -2.5 
Cyclohexene (from 3-hexene) 7.0f 10.1 8.01 12.2 -0.1 -3.7 

C yclobutene 14.61 32.7 26.4f 19.7 22.5 14.7 

a Primary data (kcal/mol) are for gaseous hydrocarbons at 25 “C from ref 29. b Entropy and free energy corrected to molar concen- 
AAQ values are AQ(cyc1ic) - AQ(a1kane). d Average of four typical examples. e Averages tration basis (correction is 6.35 gibbs). 

of values for 2,2-dimethylalkane and 3,3-dimethylalkane. f Corrected for symmetry of cis-alkene ( R  In 2). 

Table VI. Average AAQ Values for Ring ClosureD 

Symmetry AASUlt 
Product number (a) AAS(avg) A AH( avg) LAG (avg) (avd 

Cyclopropane 6 22.1 27.6 21.7 25.9 
Cyclobutane 8 19.4 26.4 20.6 23.5 

Cyclohexane 6 9.2 -0.2 -2.8 12.9 
C yclopentaned 10 16.3 5.6 0.4 20.8 

C ycloheptane 1 9.5 6.2 3.4 9.5 
C yclooctane 8 6.1 9.6 7.8 10.2 

0 Based on AAQ values in Table V (omitting cycloalkenes); units kcal/mol. As recommended in ref 30. AAS(avg) + R In u. d A A S  
for dimethyl examples was reduced by R In u before averaging so as to convert to common basis. The std dev of A A S  is 0.6 based on 
cyclopentane and cyclohexane (6 df); std dev of averages is about 0.3, 95% confidence limits of averages is about 0.8; bias is uncer- 
tain. 

and then stored over phosphorus pentoxide and sodium hydroxide 
pellets. The salt was recrystallized from methanol followed by addi- 
tion of ether. Various preparations had titratable and total bromide 
of 100 f 3% (range). At slightly higher temperatures reduction occurs 
as a side reaction and n-propyldimethylamine is formed. 

Other members of the series were prepared analogously: 6-bro- 
mohexyldimethylamine was prepared from 6-dimethylamino-l- 
methoxyhexane by the above hydrobromic acid procedure. The se- 
quence employed was 1,6-dibromohexane to 6-bromo-1-methoxy- 
hexane to 6-dimethylamino- 1-methoxyhexane. 

Marvel and others have prepared these compounds previously by 
treatment of bromophenoxyalkanes with hydrobromic a ~ i d . ~ I , ~ *  

Kinetic Measurements. A weighed sample of the salt was dis- 
solved in methanol and to this was added an exact equivalent or a 
known excess of a solution of sodium hydroxide in methanol. For 

studies above 50 “C the samples were sealed in ampules. Reactions 
were quenched with dilute nitric acid and the bromide ion was titrated 
with silver nitrate solutions using a potentiometric end point. Rep- 
resentative data are reported in Table VII. 

Computations. The kinetics data were treated either as first order 
or second order using LSKIN133 or LSKINL3* Sets of kinetic data were 
then processed using the general least-squares program GENLSS34 
which was provided with a subroutine for numerical integration of 
eq 5 including all salt effects. The results were further checked by 
performing representative computations using REMECH.35s36 

Product Studies. Representative runs for 1 were examined by GLC 
for the presence of ( C H ~ ) ~ N C H ~ C H ~ C H Z O C H ~  or (CH3)z- 
NCH&H=CH2, which were synthesized independently. Amounts 
present were very small. 

The N,N-dimethylazetidinium ion (2) shows a triplet for CHzN(+) 
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Table VII. Representative Rate Data for 
3-Bromopropyldimethylamine (1) a 

Initial concn, M kobsd x io5/ ~- 
s-l b 1 LiNO3 - 

0.02 . . .  5.0 
0.02 0.40 6.0 
0.10 . . .  5.7 
0.50 . . .  7.2 
1.01 . . .  11.1 

a Solvent methanol, 25 O C .  b Apparent first-order rate con- 
stant. 

at about 0.8 ppm lower fidd than the triplet for the polymer, and the 
separation permits an analysis for the amount of cyclic products. The 
difference is smaller for the C-6 compound. 

Registry No.--3-Dimethylaminopropanol, 3179-63-3. 
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Effect of Hexadecyltrimethylammonium Bromide on the Thiolysis of 
p -Nitrophenyl Acetate 
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Micelles of hexadecyltrimethylammonium bromide produce a rate increase of ca. 50-fold in the thiolysis of p-ni- 
trophenyl acetate by thiophenoxide anions. The distribution constants between the water and the micellar phase, 
determined spectrophotometrically, of p-C1, p-CH3, p-CH30, and thiophenoxide anions were 20 X lo3, 8.2 X lo3, 
2.7 X lo3, and 4.8 X lo3 M-I, respectively. The calculated distribution constants of all four undissociated thiophe- 
nols were of the order of 1 X lo3 M-l. The apparent pKs of the thiophenols were lowered upon incorporation into 
the micellar phase. The entire rate increase produced by hexadecyltrimethylammonium bromide in the thiolysis 
of p -nitrophenyl acetate by thiophenoxides can be explained on the basis of concentration of the reagents on the 
micellar phase. 

Only a limited number of nucleophiles have been unequi- 
vocally demonstrated to participate in covalent catalysis by 
enzymes.l Among these, the SH group of cysteine residues 
shows an unusually high reactivity when situated in the active 
site of "SH enzymes" such as papain,2 ficin,3 b r ~ m e l i n , ~  or 
glyceraldehyde- 3-phosphate dehydrogena~e.~ The nucleo- 
philic reactivity of SH groups in proteins can range from those 
which are extremely reactive to those which are nonreactive 
or " m a ~ k e d " . ~ , ~  Although the details are far from clear, there 
is general agreement t,hat this wide range of reactivities can 
be attributed to differing microenvironments of the poten- 
tially reactive SH group. Unusually high SH reactivities are 
also found with low molecular weight compounds such as 
coenzyme A (CoASH) and glutathion (GSH), which partici- 
pate covalently as coenzymes in a number of enzyme-catalyzed 
 reaction^."^ Since the reactivities of the S H  groups of GSH 
or CoASH are entirely within the expected ranges (on the basis 
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of comparison with other mercaptans), the S H  group of both 
GSH and CoASH must be "activated" by the apoenzyme, 
much in the same manner as active site S H  groups. 

Since micelles serve as models of the (possible) role of 
charged andlor neutral interphases on nucleophilic reactivity 
(for recent reviews on micelles see 9-12) the study of micellar 
effects on SH reactivity has relevance to the question of the 
reactivity differences found in biological systems. There is 
indeed evidence that micelles affect, markedly in some cases, 
the rates of different S H  reactions:8J3-16 (1) The rate of re- 
action of N-dodecanoyl-dl-cysteine (DCS) with chloroace- 
tamide, iodoacetamide, and p-nitrophenyl acetate (NPA) is 
increased by 5-7-, 60-loo-, and 100-200-fold, respectively, 
upon addition of hexadecyltrimethylammonium bromide 
(CTAB).13 On the other hand, incorporation of DCS into 
negative micelles leads to a decrease of the apparent reactivity 
of the SH group.13 (2) The rate of reaction of alkyl mercaptans 
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