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(34h) (35%) and an acyclic olefinic alcohol 3h (13%). 
tmns-l-Methyl-2-isobutylcyclopentanol(34h): bp 104 'C ( 5  1 mm); 

NMR (CC14) T 7.90 (br s, 1 H), 8.01-9.05 (m, 10 H), 8.90 (s, 3 H), 
9.05 (d, 6 H, J = 6.0 Hz); IR (neat) 3450 and 11 10 cm-I. Anal. Calcd 
for CloH200: C, 76.86; H, 12.90. Found: C, 76.98; H, 12.95. 
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Ring-Closure Reactions. 1 1. The Activation 
Parameters for the Formation of Four- to 
Six-Membered Lactones from w-Bromoalkanoate Ions. 
The Role of the Entropy Factor 
in Small- and Common-Ring Formation2 
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Abstract: Previous work on the kinetics of formation of 3- to 23-membered lactones from w-bromoalkanoate anions in 99% 
Me2SO has been completed with the inclusion of precise rate constants and thermodynamic activation parameters for the for- 
mation of four- to six-membered rings. The kinetics were followed by a stopped-flow spectrophotometric technique by the de- 
vice of introducing a visual indicator into the reaction systems. The pattern observed for the enthalpies of activation leads to 
the suggestion that they closely follow the strain energies of the rings to be formed. The dependence of the entropy factor upon 
ring size is discussed in some detail with particular reference to the small- and common-ring regions, for which available litera- 
ture data for comparison purposes are more abundant. 

I P  In recent studies3 on the kinetics of formation of 3- to 23- 

aqueous Me2SO (eq 1) accurate rate data  and activation pa- 
rameters have been reported for the formation of most ring 
compounds in the given range. However, the rate of formation 
of four-, five-, and six-membered lactones was too high to be 

membered lactones from w-bromoalkanoate ions in 99% kmtva 
Br(CH,),.,CO,- - (CH2),-2-C=0 f Br- (1) 

followed by our conventional technique. Only a crude esti- 
mation of the rate constants could be made by an indirect 
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Table I. Kinetic Data for the Formation of Four- to Six-Membered Lactones from w-Bromoalkanoate Ions Br(CH2)n-2C02- in 99% 
Aaueous M e S O  

551 

Ring size kintrat s- '  a kin(,,, AH*.C AS*.c  
n 18.0 O C  26.0 OC 34.0 O C  42.0 OC 50.0 OCd s-I, at 50.0 OC kcal/mol eu r c  

4 e 0.0582 0 . 1 3 6  0.280 0.587 -2.6 17.7 f 0.70 -4.9 f 2.2 0.9985 
5 10.1 21.8 45.1 81.9 170 -310 15.9 f 0.19 -5.6 f 0.6 0.9996 
6 0.0879 0.210 0.447g 0.922 1.88 -2.9 17.2 f 0.34 -4.2 f 1.1 0.9992 

Average from 3 to 12 independent runs. Standard deviations from the Erying plots are in the order of 2.5-4%. Early preliminary estimated 
values, from ref 3. AH* and AS* data calculated from the least-squares slope and intercept of the Eyring plots, whose correlation coefficients 
( r )  are shown. The single values from each determination, and not the reported average values, were used in the least-squares method. The 
magnitude of the errors was estimated as f 2 o  (95% confidence limit) where u is the standard error. Since this temperature could not be attained 
because of technical limitations of the stopped-flow apparatus, the pertinent kintra's were extrapolated from the Eyring plots. e The reaction 
was too slow for precise measurement. f At 33.85 "C. g At 34.1 "C. 

method. As a consequence, no activation parameters were 
reported for the latter rings, since their determination requires 
accurate ra te  measurements. The  present investigation was 
undertaken with the aim of filling this gap, as  activation pa- 
rameters a re  of great significance for a deeper understanding 
of the factors controlling reactivity in ring-closure reac- 
tions. 

In this paper an  accurate kinetic study for the formation of 
four-, five-, and six-membered lactones is reported. A reliable 
and consistent set of rate constants and activation parameters 
for the ring-size range 3 to 23 is thus now available. The  en- 
tropy of activation data  are  discussed in the light of a com- 
parison with related literature data  on the formation of small 
and common rings. An assessment of the general dependence 
of the entropy terms for ring closure upon the chain length in 
the bifunctional precursors is attempted. 

Methods and Results 
As shown by our preliminary  estimate^,^ the rates of for- 

mation of four-, five-, and six-membered lactones lie conve- 
niently in the stopped-flow range, the estimated half-life times 
a t  50 "C being 0.27,0.002, and 0.24 s, respectively. Commonly 
available stopped-flow apparatuses a re  fitted with spectro- 
photometric detection, but little or no change of absorbance 
is expected to accompany the lactonization reaction (1). In 
principle, the kinetics might be followed conductometrically, 
as a substantial change in conductivity is expected for the re- 
action a t  hand. However, stopped-flow apparatuses with 
conductimetric detection appear to have been used but seldom, 
and do not seem to be either commercially available or easy 
to set up.4 The problem was circumvented by matching a 
proper visual acid-base indicator to the reaction under study, 
so that the kinetics could be easily followed by monitoring the 
disappearance of the indicator itself by ordinary stopped-flow 
spectrophotometry. The rationale of the method is as follows. 
Let InH be a weak acid whose conjugate base strongly absorbs 
in some spectral region useful for analytical purposes. By 
combining the equilibrium constants K,, and KI,,H for the 
dissociation of a given bromo acid and of the indicator, re- 
spectively, eq 2 is obtained. 

T h a t  is, if t h e  I n H / I n -  and Br(CH2), ,-2C02H/Br- 
(CH2)n-2C02- pairs are both present in the reaction medium, 
[In-] is proportional to [ B T ( C H ~ ) ~ - ~ C O ~ - ]  provided that the 
ratio [Br(CH2),-2CO2H]/[InH] is a constant. This condition 
was largely fulfilled in the kinetic runs by the devices (1) of 
running the cyclization reaction of a given w-bromocarboxylate 
anion in the presence of a substantial amount of the undisso- 
ciated parent acid; and (2) of using an  indicator enough less 
acidic than the  given bromo acid that  only a comparatively 
small, but still analytically appreciable, amount was converted 

into its basic form. It can be easily verified that under the above 
conditions the rate  law for the disappearance of the anionic 
form of the indicator is coincident with that for the cyclization 
of the w-bromoalkanoate ion. Several indicators were tested 
for the  different substrates. I t  was found that  m-nitrophenol 
was suitable for the cyclization reactions of 4-bromobutanoate 
and 5-bromopentanoate anions, while 3-bromopropanoate 
required a more acidic indicator, namely, 2,4-dichlorophenol, 
owing to the enhanced acidity of 3-bromopropanoic acid as  
compared to its higher homologues. The  results of the kinetic 
experiments a re  collected in Table I. 

Discussion 
Inspection of Table I shows that previously estimated values 

agree with the present data  (at 50 "C) in their order of mag- 
nitude. The most serious discrepancy is observed for the 
four-membered ring, whose rate  of formation as obtained in 
the present work is some four times lower than that previously 
reported. This fact was not completely unexpected, since our 
previous estimates involved a rather crude correction for the 
unknown acidities of the parent bromo acids in 99% Me2SO. 
The correction was more significant for 3-bromopropanoic acid 
than for the higher homologues, owing to the greater acidity 
of the f ~ r m e r . ~  However, even this extreme case adds little new 
to the reactivity picture as  a whole, since the latter spans over 
six powers of ten in the investigated ring-size range of 3 to 
23.3 

The  enthalpies of activation from the present work a re  
plotted in Figure 1 together with all the  available data  for the 
other ring sizes and for the intermolecular model reaction, viz., 
the alkylation of butanoate ion with butyl bromide. The  be- 
havior of AH* values in the whole ring-size range is qualita- 
tively in agreement with expectations. In particular, the steep 
drop on going from the three- to the five-membered ring, fol- 
lowed by a similarly steep increase up to the eight-membered 
medium ring, is consistent with widely accepted ideas on the 
dependence of ring strain upon ring size in the small- and 
common-ring region, and b e y ~ n d . ~  It  is unfortunate that, in 
the absence of either thermochemical data  or theoretical cal- 
culations, the strain energies of the formed lactones a re  not 
available. Thus, whether a linear strain energy relationship6 
holds or not in the ring-closure series a t  hand cannot be a t  
present verified. However, there is little doubt that AH* values 
a r e  indeed related to the strain energies of the formed rings. 

I t  is worth noting that the enthalpies of activation for the 
formation of the five- and six-membered rings a re  higher by 
some 2-3 kcal/mol than the corresponding value for the 
strainless intermolecular model reaction. In contrast, in an  
analogous ring-closure reaction, viz., the formation of cyclic 
aralkyl ethers via intramolecular nucleophilic substitution,' 
the transition states leading to the five- and six-membered rings 
were found to be essentially strainless. This observation adds 
further experimental support to the view3J that a significant 
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RING SIZE 

Figure 1. Plot of AH* vs. ring size for the formation of lactones. The AH* 
value for the intermolecular model reaction is also reported. (Data from 
the present work and from ref 3.) 

fraction of the conformational energy of the cis form of the 
ester function, which is 3.8 kcal/mol less stable than the trans 
form,9 affects the transition states leading to the five- and 
six-membered lactones, in which the ester group is required 
to be cis because of geometric reasons. 

Ruzicka’s hypothesis,1° according to which the longer the 
chain joining the two ends of the bifunctional precursor, the 
lower the probability of ring closure, has found a general 
confirmation in our quantitative work on cyclic aralkyl ether 
formation via intramolecular Williamson synthesis,7,* where 
a general decrease of A S *  values on increasing ring size was 
observed. It is further confirmed on inspection of Figure 2, 
where the diagram of AS* vs. ring size for lactone formation 
indeed shows a general trend toward more negative aS* values 
with increasing ring size. However, a closer inspection reveals 
AS* data  not closely conforming to the general behavior. In 
addition to the peculiar irregular pattern as observed in the 
medium- and large-ring region, which has been already dis- 
cussed in some detail,3 i n  the ring-size range of three to six AS* 
values span over about 3 eu, thus displaying a substantial in- 
sensitiveness to chain length. Similar apparent anomalies have 
been reportedI2 and strongly emphasized by StirlingI3 in a 
comparison of three- vs. five-membered ring formation. Table 
I1 lists Stirling’s da ta  (reactions 1-5) together with available 
da ta  from this (reactions 9 and 10) and other laboratories. 
Inspection of Table I1 indeed shows that, although a general 
trend toward more negative entropy values with increasing ring 
size is apparent, significant irregularities do exist. A major 
remark in this respect is that  the precision of the da ta  is a 
crucial problem in the determination of activation parameters. 
Maximum errorsI4 in the activation entropy for kinetic studies 
of ordinary accuracy are  in the order of f 2  eu, but still higher 
errors are  probably not uncommon. Other things being equal, 
it is likely that a combination of errors of the above magnitude 
in opposite directions for a pair of consecutive homologues in 
a cyclization reaction may even produce an  artifactual inver- 
sion in the most unfavorable cases. This observation draws 
attention to the need for caution in the interpretation of the 
above AS* data. However, the observed anomalies are  believed 
to be significant in view of their general occurrence for certain 
ring sizes in structurally similar reactions. In this connection 
the following points will be clarifying. In  the first place, a 
representative value of ca. 4.5 eu has been estimated for the 
entropy contribution of the internal rotation around a C-C 
single bond.l5.l6 Thus, were all internal rotations completely 
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RING SIZE 

Figure 2. Plot of AS* vs. ring size for the formation of lactones. (Data from 
the present work and from ref 3.) 

frozen upon cyclization, a constant drop of 4.5 eu per added 
methylene group would be expected in a given cyclization se- 
ries. However, as Benson and O’Neal’ j  have pointed out, 
compensating entropy terms due to different degrees of 
“looseness” in the low-frequency out-of-plane bending motions 
of the various ring structures can reduce the entropy loss upon 
cyclization by unpredictable amounts depending on both na- 
ture and size of the ring to be formed. They have been sug- 
gested to be responsible for the substantial leveling off of AS* 
values observed in the large-ring region.lIb 

Secondly, the entropy contributions due to solvent reor- 
ganization on going from the initial to the transition state 
( ASfsolv) must also be considered. The fact that  interactions 
of a series of solutes with polar solvents may occur with ex- 
traordinarily large changes in enthalpy and entropy compo- 
nents, with little or no net change in free energy, is a weff- 
recognized p h e n ~ m e n o n . ’ ~  Thus, varying extents of solvent 
interaction with either the initial or transition states, or  both, 
in a ring-closure series can possibly result in significant changes 
in the AS*:solv term. For sufficiently long chains, say, of more 
than five carbon atoms or so, it is likely that  the structure of 
the solvation shells around the chain ends a re  independent of 
each other, and constant throughout. However, for shorter 
chains the mutual polar interactions of the end groups should 
result in significant changes of initial state solvation, depending 
on chain length. This effect is expected to be particularly sig- 
nificant in reactions of charged substrates in polar solvents, 
where a reduced extent of initial s ta te  solvation is likely to 
occur in the short-chain compounds. 

The AS* pattern obtained for the lactonization reaction can 
be rationalized in the light of the above arguments, if one as- 
sumes that the initial state solvation of the very first members 
of the series is substantially lower than that of the higher ones, 
probably on account of a reduced availability of negative 
charge on the carboxylate group in the former compounds. 
Since on going from the initial to the transition state the anionic 
end undergoes a substantial desolvation, a positive AS*,,l, 
term is expected. Therefore, the formation of small rings is 
likely to be accompanied by a lower ASfsolv  contribution. As 
a result, the entropies of activation turn out to be more negative 
than what they would be in the absence of specific solvation 
effects by larger amounts,  the shorter the chain of the bi- 
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Table 11. Entropy Data for Closure of Small and Common Rings 
Reaction no. Substrate Ring size n Solvent AS*, eu 

1" H2N(CH2)n- 1c1 3 50% dioxane -15 
5 -13 

20 C6HsNH(CH2),-IBr 3 60% EtOH -1 1 
4 -11 
6 -17 

3" &HSNH(CH~),- IC] 3 50% dioxane -17 
5 -15 

4" H2NC(C6Hs)H(CH2),-2C] 3 50% dioxane -7 
5 -10 

5 6  P - C H ~ C ~ H ~ S ( C H ~ ) , -  lC1 3 80% EtOH (w/w) -24 
5 -20 

6c  CH3O(CH2),- IOBS 5 EtOH -10.4 
6 -15.1 

7 d  C6HsC(=O)(CH2),-2Cl 4 80% EtOH, Ag+ - 16.0 
5 -15.8 
6 -20.4 
7 -23.1 

8d 

9e o--OCgH4(CH2),-4Br 

10' o - - O C ~ H ~ ( C H ~ ) , - ~ B ~  

5 
6 

80% EtOH, Ag' 

7 
6 75% EtOH 
7 
5 75% EtOH 
6 
7 
5 cc14 
6 
7 

-18.2 
-20.8 
-22.6 
+6.2 
+1.2 
+4.1 
+5.3 
-3.2 
-3.0 
-6.9 

-10.8 
12g' H2N(CH2),-3NH3+ 5 Gas phase -12.7 

6 -20.6 

Data from ref 1 l a .  Data from ref 1 lb.  Data from S. Winstein, E. Allred, R. Heck, and R. Glick, Tetrahedron, 3, 1 (1958). Kinetic 
data for additional members of the series are available, but they refer to direct solvolytic displacement rather than to participation of the 
neighboring methoxyl oxygen. Data from D. J .  Pasto and M. P. Serve, J .  A m .  Chem. SOC., 87, 151 5 (1965). Carbonyl oxygen participation 
is probably uncertain for compounds with n = 7, which show little anchimeric assistance. e Data from ref 1 la.  AS* values up to ring size 24 
are also available (ref 1 Ib). f Data from ref 7. AS* values up to ring size 10 are also available. g Entropy data reported are ASo  values for 
the formation of the hydrogen bonded cyclic forms. The bridging hydrogen atom was included in the calculation of ring sizes. L. P. Kuhn 
and R. A. Wires, J .  Am. Chem. SOC., 86,2161 (1964). R. Yamdagni and P. Kebarle, ibid., 95, 3504 (1973). 

functional precursor. A similar explanation was presented' for 
the apparently inverted order in the five- and six-membered 
rings of reaction 10 (Table 11). In reactions of neutral sub- 
strates occurring via polar transition states in polar solvents 
(reactions 1-8, Table 11) an increased transition state solvation, 
rather than a reduced initial s ta te  solvation, was suggested in 
order to account for a more unfavorable activation entropy in 
three- vs. five-membered ring formation.I2 However, Table  
I1 shows that in these reactions the entropy term for the for- 
mation of the five-membered ring is invariably less negative 
than that of the six-membered one, indicating that for neutral 
substrates solvation effects a re  relatively less important than 
for negatively charged compounds (see Table  I and reaction 
10 in Table I I ) ,  where an  inverted order is observed for the 
corresponding ring sizes. This view is further substantiated by 
the "normal" behavior of the entropy da ta  for five- and six- 
membered ring formation via intramolecular hydrogen 
bonding either in nonpolar solvent or in the gas phase (reactions 
1 1 and 12 in Table 11, respectively). 

T o  sum up, while a simple reasoning would suggest that the 
activation entropy for ring closure should drop by about 4.5 
eu per methylene group, additional factors, such as  different 
degree of looseness in the cyclic transition states and varying 
AS*solv terms can possibly play a significant role. As a result, 
the behavior of AS* values in a ring-closure series may indeed 
be a somewhat scattered one. This may be particularly in- 
triguing when da ta  for only a few members of a series a re  
available, as deviations from Ruzicka's postulate may appear. 
However, the general trend toward more negative AS* values 

with increasing ring size can be easily recognized when series 
with a significant number of members a re  considered. 

Experimental Section 
Materials. The w-bromo acids were available from a previous in- 

ve~tigation.~ 2,6-Dichlorophenol (Fisons) was redistilled before use. 
m-Nitrophenol (Fisons) was used as received. Me2SO (Fisons AR) 
was stored over 4A molecular sieves for several days, then carefully 
fractioned at 32-36 OC (0.2-0.3 mmHg) from powdered NaNH2. The 
mixed solvent for the kinetic runs was prepared, stored, and handled 
as previously reported.* The 1.3 X M solution of Me4N+OH- 
in 99% aqueous Me2SO was prepared by proper dilution of commer- 
cial 10% aqueous Me4N+OH- (Fisons). 

Kinetics. The kinetics were followed by stopped-flow spectropho- 
tometry, by means of an all quartz-glass apparatus, having the mixing 
chamber and observation tube (2" optical path) immersed in the 
thermostat bath, whose temperature was controlled within f0.05 OC. 
It was analogous to that previously described,'* with the sole signifi- 
cant difference that the monitoring light beam was conveyed by 
flexible light guides, rather than through quartz cones. One syringe 
contained a freshly prepared solution of a given bromo acid ca. 2.5 X 

M in 99% Me2S0, plus a known amount of the proper indicator, 
and the other a solution of Me4N+OH- ca. 1.3 X M in the same 
solvent, so that after mixing of the reactant solutions an approximately 
1:l  mixture of bromo acid and its conjugate base was formed. The 
concentrations of the indicators were adjusted empirically in order 
to have 95-97% transmittance at zero time at the wavelengths cor- 
responding to the absorption maxima of the basic forms of the indi- 
cators, Le., 440 nm for m-nitrophenol and 330 nm for 2,4-dichloro- 
phenol. The concentrations in the kinetic solutions were as follows: 
m-nitrophenol, 7.0 X IO-3  and 3.0 X M for the five- and six- 
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membered rings, respectively; 2,4-dichlorophenol, 5.0 X 10-3 M for 
the four-membered ring. The progress of the reactions was monitored 
by following the increase of transmittance at the above wavelengths. 
The time scale of the oscilloscope was chosen as to include 6 to 8 
half-lives in a single trace. The experimental data were treated ac- 
cording to the Guggenheim method,19 with A values in the order of 
2-3 half-lives. In all cases the linearity of the kinetic plots was good, 
and no systematic drift was present. 
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Convenient and Stereoselective Route to 
Basic Frameworks for Synthesis of 
Unsymmetrical Pentacyclic Triterpenes' 
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Abstract: Convenient and stereoselective synthesis of 10-ethoxy-3-methoxy- (1) and 3-ethoxy-lO-methoxy-6bp, 12ba, 14aa-tri- 
methyl-5,6,6aa,6b,7,8,12b,l3,14,14a-decahydropicene (2), key intermediates for synthesis of alnusenone (8) and friedelin (9), 
respectively, has been described. The key step in both syntheses is an intramolecular cycloaddition of the o-quinodimethanes 
33, derived from the benzocyclobutenes 32a and 32b, to the olefinic system in their side chain to form the corresponding penta- 
cyclic compounds (4 and 6). This paper also describes a short but nonstereoselective synthesis of the pentacyclic compounds 
4 and 6. 

There a re  many reports on elegant syntheses of the  penta- 
cyclic triterpenes2 Key reactions in the synthesis of these 
natural products are  a construction of the pentacyclic ring 
system, which has a correct stereochemistry, and a stereose- 
lective introduction of methyl groups to the angular positions. 
Using the enolate trapping m e t h ~ d , ~  Stork4 and IrelandS have 
established the stereoselective total synthesis of lupeol and 
germanicol, respectively. Recently, Ireland reported the total 
synthesis of friedelin (9) from a pentacyclic diaromatic diether 
2, having the  trans-anti-trans B C D  ring structure and the  
correct array of angular methyl groups, as  a useful key inter- 
mediate.6 Alnusenone (8) has also been prepared by the same 
authors' from the pentacyclic diaromatic compound (1). 

Since we have found previously that  intramolecular cy- 
cloadditions of o-quinodimethanes in the synthesis of estrone9 
and atisine intermediatelo could proceed stereoselectively and 
regioselectively, we investigated a new and simple synthesis 

A part of this work has been published as a communication; see T. Kametani, 
Y. Hirai, F. Satoh, and K.  Fukumoto, J .  Chem. SOC., Chem. Commun., 16 
(1977). 

0002-7863/78/1500-0554$01.00/0 

of pentacyclic triterpenoids in connection with our interest' 
in the synthetic application of cycloaddition of o-quinodi- 
methanes derived from b e n z o c y c l ~ b u t e n e s . ~ ~  This paper re- 
ports a simple synthesis of two key intermediates 1 and 2, which 
have been transformed into alnusenone (8) and friedelin (9) 
by Ireland described above. 

Our plan was designed on the fact that the portion sur- 
rounded by a dotted line in the pentacyclic compounds (cf. 1) 
corresponds to an  isoprene unit. The  first idea is that  the pen- 
tacyclic ring system (3), which is a basic framework of the key 
compounds in the total synthesis of alnusenone and friedelin 
by Ireland, would be formed in one step by an  intermolecular 
double cycloaddition of the bis-o-quinodimethane (26b), 
generated from the bisbenzocyclobutene (25b), with isoprene. 
The second approach invoives the intramolecular cycloaddition 
of the o-quinodimethane (33), having an  olefinic group a t  an  
appropriate position, derived from the benzocyclobutene (32). 
In  these trials, we used the 1-substituted 1 -cyanobenzocyclo- 
butenes because 1 -substituted 1-methylcyclobutenes a re  
transformed into the o-methylstyrene derivatives by [ 1.51- 
sigmatropic hydrogen migration15 in o-quinodimethane gen- 
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