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The foundations to our present knowledge of ma- 
crocyclization reactions were laid in the twenties and 
thirties by the pioneering work of Ruzicka’ and Ziegler.2 
A major motivation in Ruzicka’s work was the occur- 
rence of ring compounds in nature and the discovery 
that 15- and 17-membered rings occur in muscone and 
civetone. The search for synthetic methods to make 
rings of all sizes soon became a major objective of in- 
vestigation. This obliged consideration of physical as- 
pects of the cyclization reactions. 

Ring formation by an intramolecular reaction implies 
the use of a bifunctional substrate as the starting ma- 
terial. This is shown schematically in eq l where X and 

Y are reactive functional groups at the ends of a chain 
undergoing ring closure and forming functional group 
Z. The cyclization reaction suffers from the competition 
of a polymerization reaction through head-to-tail con- 
densation (eq 2). If the latter process is bimolecular, 

X ~ Y  t X ~ Y  ~ X ~ Z - Y  - e t c  ( 2 )  
X-Y 

the intermolecular reaction is second order whereas 
cyclization is first order. Hence was derived the prin- 
ciple that high substrate concentrations favor polym- 
erization and that cyclization can occur without com- 
petition only at  low  concentration^.^ Ziegler was the 
first to apply this principle to the synthesis of many- 
membered rings by the so-called high dilution m e t h ~ d . ~  
The formation of medium size rings (8- to ll-mem- 
bered) is in many instances the most difficult to effect, 
even under Ziegler high dilution conditions. 
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In order to understand the structural and energetic 
factors controlling the formation of rings, kinetic in- 
formation is required. From this point of view, until 
a few years ago little progress had been made since the 
early ~ t u d i e s , ~  except that reactions forming five- and 
six-membered rings and, to a lesser extent, small rings 
received considerable attention. Kinetic studies were 
made6 mainly in connection with neighboring group 
participation and intramolecular catalysis phenomena?$ 
Most of the available evidence with regard to the larger 
rings and, notably, to the extreme difficulty of forma- 
tion of the medium rings comes from preparative 
s t ~ d i e s . ~ > ~  Our objective was to expand our knowledge 
of cyclization by a comprehensive kinetic investigation 
over a wide spectrum of ring sizes. 

It should be stressed that the structure of the ring to 
be formed has an important influence on the cyclization 
rate. In terms of transition-state theory, cyclization 
rates depend on the structure of the open chain initial 
state and on that of a transition state resembling the 
cyclic product. Reactivity in cyclization reactions may 
be interpreted in terms of activation energy and the 
probability of end-to-end encounters. The activation 
energy is thought to reflect the strain energy of the ring 
to be formed, which is markedly dependent on ring size 
as shown by strain energy data concerning the cyclo- 
alkanes.1° Ring strain arises from a combination of (1) 
bond opposition forces due to imperfect staggering 
(Pitzer strain), (2) deformation of ring bond angles 
(Baeyer strain), and (3) transannular strains due to 
repulsive interactions between atoms across the ring 
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when they are forced close to each other. The magni- 
tudes of such strains have been evaluated by Allinger 
et al.” on the basis of force-field calculations. Strains 
(1) and (3) are especially severe for medium-ring cy- 
cloalkanes. Unfortunately, extensive strain energy data 
for ring compounds other than cycloalkanes are not 
available. 

According to Ruzicka’s intuition,” the probability of 
the chain terminals coming close enough to each other 
for the reaction to occur should decrease as the chain 
gets longer. In terms of entropy, this implies negative 
AS* contributions owing to reduction of freedom of 
internal rotation around the single bonds of the mo- 
lecular backbone when the disordered open-chain pre- 
cursor is converted into the ring-shaped transition state. 

When studying an intramolecular reaction, we need 
a reference intermolecular reaction for comparison. 
Knowledge of the inherent reactivity of the reacting 
functional groups is of practical as well as theoretical 
significance. An obvious intermolecular model reaction 
is dimerization of the bifunctional substrate itself (eq 
2). However, an experimentally more accessible model 
is the reaction between monofunctional chains (eq 3) 

W Y  f Y W k  m z n u  (3) 

whose nonreacting moieties resemble the nonreacting 
chemical environment of the bifunctional chain that 
cyclizes. Model reactions involving low molecular 
weight monofunctional reactants have proved to be 
~uitable.’~ Reaction 3 is more generally applicable than 
reaction 2 for purposes of comparing intra- to inter- 
molecular reactivity. A specific example is our use of 
intermolecular model reaction 4b in our studies of 
lactone formation from w-bromoalkane-carboxylate ions 
(eq 4a). 

/- 

i_/ 

1 

+ b2in ’ =  v Br-  ‘Ja‘ 

Comparison is expressed by the klntrs/klnter ratio, 
which has units of moles per liter and is called effective 
molarity (EM). This name may be misleading because 
it suggests that the ratio klntra/kinter be taken as a 
physically real “effective concentration” of one chain 
end relative to the other, that is, that the fist-order rate 
constant for ring closure is the product of such 
“effective concentration” times the second-order rate 
constant for the reaction between the chain ends as if 
they were not connected by the intervening chain. That 
this is actually not the case is shown, for instance, by 
the finding7,8 that experimental EM values for rings 5 
and 6 often exceed physically conceivable concentra- 
tions by several powers of ten. The EM concept has 
been discussed at length elsewhere14 and will be applied 
later on. 
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Figure 1. Reactivity profile for lactone formation (eq 4a). 

A useful corollary of the definition of effective mo- 
larity is that ring formation from a bifunctional sub- 
strate predominates over polymerization whenever the 
substrate concentration is markedly lower than the EM 
value. Since the EM values may strongly depend on 
ring size, the EM parameter enables prediction of the 
conditions under which a given ring can be synthesized 
free from competing polymerization rea~t i0ns. l~ 

The Reactivity Profile 
Lactone-Forming Reactions. The ease of ring 

formation for lactones16-18 in 99% (v/v) aqueous 
Me2S0 (eq 4a) as a function of ring size is illustrated 
in Figure 1. On going from the three- to the five- 
membered lactone the rate constant increases by 5 
powers of ten, but then the rate decreases rapidly to a 
nadir at  the eight-membered ring; the overall decrease 
is a millionfold. The drop in rate in this region is ap- 
proximately 2 powers of 10 per added methylene group. 
The reactivity of lactone formation up to the eight- 
membered ring is somewhat lowered by the require- 
ments of the ring size to force the ester function into 
the cis conformation.16 Cyclization to the nine-mem- 
bered ring is almost as slow as to the eight-membered, 
but from the ten-membered ring on the ease of ring 
closure increases again until it eventually levels off with 
the largest rings. The rate constants for the region of 
13-23 lie well within a factor of 2. The substantial lack 
of sensitivity of rate to ring size in this region is in 
agreement with previous studies which were based on 
semiquantitative or preparative ~ o r k . ~ ? ~  Noteworthy 
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Figure 2. Reactivity profile for the formation of 2 (eq 5a). 

is the disappearance of the zigzag, alternating variation 
of yields with ring size that was reported in preparative 
studies.lg 

Cyclic Diether-Forming Reactions. The reactivity 
pattern for the formation of diethers of type 2 (eq 5a) 

in 75% (v/v) aqueous EtOH14pm is illustrated in Figure 
2. Reactivity decreases markedly as the ring size in- 
creases from 6 to 9, by an overall rate factor greater 
than lo4. Unlike the formation of lactones, there is no 
definite minimum in the medium-ring region, but then 
the rate levels off as ring size increases. Reaction 5b 
serves as an intermolecular model. 

A closely similar reactivity profile is obtained for the 
same reactions in 99% (v/v> aqueous MezS0,21 in spite 
of the fact that in this solvent the reactions are some 
lo4 times faster than in 75% EtOH. Use of 99% 
MezSO as the solvent allows determination of the rate 
of formation of the 32-membered ring, which was pre- 
vented in 75% EtOH by solubility problems. This 
considerably extends the investigated ring size range 
and serves further to illustrate how insensitive to chain 
length is the ease of formation of quite large rings. 

The general reactivity pattern that emerges from the 
kinetics is in good agreement with Ziegler’s data,2z 
particularly as to the lack of a minimum. The latter 
feature has been explainedz0 as due to the presence of 
two “bare” oxygen atoms and two trigonal carbon atoms 
which should reduce the strain due to bond oppositions 
and transannular interactions that is usually considered 
to be severe in medium rings. It has been estimatedz3 

(19) As an example, see Figure 2 in ref 17. 
(20) G. Illuminati, L. Mandolini, and B. Masci, J. Am. Chem. SOC., 96, 
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Figure 3. Reactivity profiles for the formation of some bridged 
aromatic compounds. Reproduced from ref 27. 

that substitution of a -CHzCHz- grouping by a cis 
double bond reduces the strain energy of cyclooctane 
and cyclodecane by 2.7 and 5.4 kcal/mol, respectively. 
Clearly the presence of two spz carbon atoms is an im- 
portant factor in determining the characteristic be- 
havior of this series. 

Cyclic Monoether-Forming Reactions. The rate 
profile for the monoether series 3 in 75% (v/v) aqueous 
EtOH14v24 is much the same as for the diether series 2 
(Figure 2). Significant differences do, however, exist, 
as discussed below (oxygen atom effect). 

Reactions Forming Ansa-Bridged Products. 
When the junction between the rigid unit and the 
polymethylene bridge moves to the meta and para 
positions to give diethers 4 and 5, respectively, the rate 

3 4 5 

q5 x-1 

6 

profile is profoundly modified. The pertinent data as 
obtained in 99% MezS0z6*z6 are plotted in Figure 3. 
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(24) G. Illuminati, L. Mandolini, and B. Maeci, J. Am. Chem. SOC., 97, 
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The reactivity drop observed when the chain length of 
the cyclophane products decreases is presumably the 
result of increasingly greater strain in the lower ho- 
mologues. No such drop is observed for series 2. 

Another example of highly strained ring closure re- 
sulting from a reduced length of the connecting chain 
is the formation of thiophenophan-1-ones (7).27 (See 
eq 6a and intermolecular model reaction 6b.) Here the 

rigid moiety incorporated in the cyclization product is 
a thiophene ring connected with the rest of the struc- 
ture through two a carbons. The resulting rate profile 
(Figure 3) is similar to those described for the meta and 
para diether series, in spite of the difference in reaction 
type. It follows, therefore, that the major factor in 
determining the shape of the reactivity profile is a 
geometrical one, i.e., incorporation into the cyclic 
structures of rigid structural moieties by means of 
nonadjacent points of attachment. 

The gem-Dimethyl Effect 
Substituting two methyl groups for hydrogens at a 

methylene carbon has long been known to enhance the 
rate of formation of small and common rings.8 This is 
known as the gem-dimethyl effect. It has been inter- 
preted by Allinger and Zalkow,28 who considered the 
formation of six-membered rings in terms of enthalpy 
and entropy effects. They concluded that, insofar as 
enthalpy effects are concerned, ring closure is favored 
by gem-dimethyl substitution owing to a change in the 
number of gauche interactions in going from the 
open-chain reactant to the cyclic transition state or 
product. However, for the formation of medium rings, 
less favorable or unfavorable enthalpy factors are con- 
ceivable because ring strain and transannular com- 
pressions may increase as a result of methyl substitu- 
tion. There is also a favorable entropy factor, stemming 
from reduction of the rotational motion in the open- 
chain precursor. However, as the length of the chain 
increases, the torsional motions of both the open-chain 
reactant and the cyclic product increase and eventually 
make any entropy change due to alkyl substitution 
relatively unimportant. As a result, the rate enhance- 
ment due to the entropy factor is expected to die out 
in the larger rings. 

Data for lactone formation29 provide the first con- 
sistent set of rate data covering a broad spectrum of ring 
sizes, Le., from 6 to 16, concerning the gem-dimethyl 
effect (Table I). Although no activation parameters 
are available, the reactivity picture is in qualitative 
agreement with the stated enthalpy and entropy con- 
siderations. As expected, the effect is largest with ring 
size 6, still appreciable with ring size 9, but becomes 

(27) C. Galli, G. Illuminati, and L. Mandolini, J. Org. Chem., 45, 311 

(28)  N. L. Allinger and V. Zalkow, J. Org. Chem., 25, 701 (1960). 
(29) C. Galli, G. Giovannelli, G. Illuminati, and L. Mandolini, J. Org. 

(1980). 

Chem., 44, 1258 (1979). 

Table I 
Gem-Dimethyl Effect on the Rate of Lactone Formationa 
___ 

gem-su bs titu te d ring kF:!,"ie,/ 
substrate size kin tra 

CH3 

y H 3  

Br( CH,),CCH,CO,- 6 38.5 
I 
CH, 

5~ 

CH3 
CH3 

' I  
CH3 

Br(CH ) CCH,CO,- 9 6.62 

Br(CH ) bCH,CO; 10 1.13 

7 H 3  

7H3  

Br(CH ) CCH,CO,' 11 0.61 
7~ 

CH, 

' I  
CH, 

Br(CH ) qCH,),CO,- 16 1 . 2 2  

In 99% Me,SO at 50.0 ' C (from ref 29). 

negligible in the next homologue. It is even slightly 
inverted with ring size 11, presumably as a result of an 
adverse enthalpy factor in the latter rings. The effect 
is also negligible with the 16-membered ring, where 
enthalpy and entropy effects have probably disap- 
peared. 

Thus the gem-dimethyl effect appears to be an im- 
portant rate-enhancing effect only for relatively short 
reacting chains. 

The Oxygen Atom Effect 
We now inquire what influence on the ease of ring 

closure is exerted by replacing methylene groups by 
heteroatoms, specifically by oxygen atoms. We gain 
insight by comparing behavior in the diether and mo- 
noether series 2 and 3, respectively. In Table I1 the 
k ~ ~ ~ ~ / h ~ ~ : w t h a r  ratios a t  varying ring sizes display a 
definite medium ring effect and closely parallel the 
behavior of the enthalpies of activation (vide infra). 
The greater the strain in the cyclic transition states, the 
greater the oxygen atom effect, which is believed to arise 
from a reduction of bond opposition forces and trans- 
annular interactions upon the substitution of oxygen 
for the benzylic methylene group of the monoethers 3. 
This is consistent with the view of Dale30 that 1,4- and 
1,5-CH.-O interactions are less unfavorable than the 
corresponding CH-HC interactions. Furthermore, the 
ease formation of the benzo-3x-crown-x ethers 6, x = 
4,5,  and 6, in 99% MezSO is some three times greater 
than that of the polymethylene compounds 2 with sim- 
ilar ring size.31 Again, the effect tends to disappear 
when the chain becomes longer. The EM value of 0.036 
M for the formation of the 30-membered benzo crown 
ether 6, x = 10, is very close to that of 0.041 M for the 
32-membered polymethylene compound 2, m = 28. 

Thus, in the absence of such a highly specific inter- 
action as coordination with a metal ion (template ef- 
f e ~ t ~ ~ ) ,  a polyoxyethylene chain behaves much in the 

(30) J. Dale, Tetrahedron, 30, 1683 (1974). 
(31) B. Masci et al., manuscript in preparation. 
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Table I1 
The Oxygen Atom Effect as a Function of Ring Sizea 

ring size 6 7 8 9 10 11 14 16 inter 

kdiether 
lntxa 

0.81 0.42 6.42 7.55 
k E Y t h e r  

Data in 75% EtOH at 50.0 " C  (from ref 14). 

I 
I 

5 10  15 20 
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Pigure 4. AH* profile for the formation of lactones (eq 4). 

same way as a polymethylene one when large rings are 
formed. 

S t ra in  Effects 
Enthalpy of activation data are available for a few 

cyclization series. The general shapes of the AH*intra 
vs. ring size profiles (Figures 4 and 5), as well as com- 
parisons with the related values for the intermolecular 
model reaction (AH*inkr), suggest that the difference 
AH*intra - AH*inkr provides a measure of the strain en- 
ergies involved in the formation of the ring-shaped 
transition states. 

In large ring formation (lactones1*) there is a general 
trend for AH* to decrease as the chain length of the 
bifunctional substrate increases (Figure 4). The for- 
mation of rings as large as 18- and 23-membered is 
accompanied by AH*intra values which are quite close 
to AHsinter, showing that in the large ring region the 
intramolecular reaction is nearly strainless. However, 
in the 3-16 region the AH*intra profile is markedly 
structured. By far the highest strains are experienced 
with the three- and eight-membered rings. In both 
cases AH*intra - m i n t e r  is about 8 kcal/mol. The cis 
conformation of the ring to be formed still predominates 
for ring size 8. No doubt this imposes an extra en- 
thalpic penalty which causes the maximum to shift 
away from ring size 10 which experiences the maximum 
strain in cycloalkanes.1° 

In a discussion of the main conformations of medium- 
and large-ring compounds, Dale33 has proposed differ- 
ent sets of similar conformational situations. Two such 
sets are the series 4n and 4n + 2, where n is the number 
of ring atoms. It is of interest that the structuredness 
of the AH* profile in lactone formation displays some 

(32) L. Mandolini and B. Masci, J. Am. Chem. Soc., 99, 7709 (1977). 
(33) J. Dale, J. Chem. SOC., 93 (1963). 
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Figure 6. AS* profile for lactone formation (eq 4). 

ternal rotations upon ring closure. The irregularities 
of the pattern as in the medium- and large-ring region, 
up to ring size 16, indicate that conformational features 
may vary in individual rings in a rather specific way so 
that they display a periodic character to some extent. 
Maxima at 8, 12, and 16 are also observed here (as in 
the AH* profile). 

In the three- to six-ring region, the AS* values are 
surprisingly insensitive to ring size and seem to reflect 
the expected losses of internal rotations very poorly. 
The AS* for forming the smallest rings are unexpectedly 
much too low. This phenomenon seems to be rather 
general; it is also observed in other series.’* A reason- 
able explanation is reduced initial-state solvation in the 
shortest bifunctional chains. For sufficiently long 
chains, e.g., of more than 5 carbon atoms, it is likely that 
the two solvation shells around the chain ends are in- 
dependent of each other and constant throughout. 
However, for shorter chains the mutual (polar) inter- 
actions of the end groups may suffer from significant 
changes in initial-state solvation. If we keep in mind 
that the transition state for the lactone formation 
should be less solvated than the initial state and, 
therefore, that the solvation contribution to AS* 
(AS*,lJ is positive, reduction of this term should lower 
the overall AS* in the small-ring region. 

In the diether 2 the entropy of activation decreases 
regularly as the ring size increases14 (Figure 7). The 
AS* profile displays the same basic features as those 
observed for the lactonization reaction, namely, a steep 
drop among the lower members of the series and a 
much less pronounced dependence on chain length 
among the larger rings. Although the entropy effect on 
reactivity is depressive throughout the investigated 
series, reactivity tends to rise in the larger ring region 
because the decrease in enthalpy of activation due to 
residual strain relief more than offsets the entropy ef- 
fect. The monoether series 3, for which AS* data up 
to  ring size 10 are availablez4 (Figure 7), behaves sim- 
ilarly. If we consider all the AS* data up to ring size 
10 for the diether and monoether series together, we 

0 Monoethers 

8 Diethers 

4 6 8 10 12 14 16 18 2 0  22 24 

RING SIZE 

Figure 7. AS* profiles for the formation of 2 and 3. 

note that they grossly describe a common line whose 
slope is -4 eu/CH2, which is in surprisingly good 
agreement with the value of 4.5 eu estimated%>% for the 
maximum entropy loss associated with the freezing of 
internal rotation around a single bond. 

The deviation observed for the five-membered mo- 
noether may be interpreted in terms of reduced solva- 
tion of the reactant, as already noted for lactone for- 
mation. In contrast, the longer chains in the 6-10 region 
may be assumed to be solvated more or less uniformly 
as the essentially nonhindered polar ends require. By 
extrapolation, an entropy of activation for n = 3 of 
+16.7 eu is obtained; this would pertain to a hypothetic 
cyclization of a regularly solvated chain in which no 
entropy of internal rotation is lost. Thus, the extrap- 
olated value of +16.7 eu can be taken as a measure of 
the entropy of desolvation suffered by any member of 
the series on going from the open-chain bifunctional 
reactant to the transition state. In our intermolecular 
model (eq 5b) for the diether series24 we found an ac- 
tivation entropy of -15.4 eu. This value must be cor- 
rected for the contribution of solvation by subtracting 
16.7 eu. We obtain -32 eu as the amount of entropy 
of activation which stands for the loss of translational 
and rotational entropy. A similar value, -29 eu, is ob- 
tained from the monoether series.24 

These values are then estimates for these reaction 
series of the “entropy driving force” for the highest 
possible intramolecular or proximity effect. They are 
equivalent to maximum EM values of exp(32/R) and 
exp(29/R), or ca. lo7 and 106.5 M, which compare fairly 
well to the limiting value of lo8 M theoretically esti- 
mated by Page and J e n c k ~ . ~ ~ ~  Observed accelerations 
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Figure 8. EM profiles for the formation of (0) lactones 1, (A) 
diethers 2 in 75% EtOH, (0) diethers 2 in 99% Me,SO; (0) 
monoethers 3, (v) dioxametacyclophanes 4, (v) dioxapara- 
cyclophanes 5; (A) benzo crown ethers 6, (m) (2,5)-thio- 
phenophan-1-ones 7. 

in the absence of initial-state strain relief are less than 
the maximum limit because, even in the shortest chains, 
a few internal rotations must still be frozen out on going 
to the transition state. 
The Effective Molarity 

By definition, the EM profile for each individual se- 
ries has the same shape as the log kintra profile. Fur- 
thermore, since the EM parameter is “corrected” for 
the reactivity between end groups as separate entities, 
it provides a measure of the tendency of the bifunc- 
tional chain to cyclize and a common scale for com- 
paring ring closures in diverse reaction series. These 
features are well illustrated in the diagram presented 
as Figure 8. The EM differences reflect structural 
effects inherent to ring closure, which are especially 
strong for the small and medium rings. In the large ring 
region, where strain energy effects are small or negli- 
gible, even large rate differences turn out to be due to 
the nature of the end groups of the reacting chains and 
largely disappear in the EM values. In this region the 
EM parameter tends to reach values lying in the fairly 
limited range of about 0.01 to 0.05 M. 

Besides the cyclization reactions described above, 
there are several examples showing that this EM be- 

(36) M. I. Page and W. P. Jencks, Proc. Natl. Acad. Sci. U.S.A., 68, 
1678 (1971). 

havior applies quite generally to a large variety of re- 
actions and conditions. One early example is the for- 
mation of large-ring cyclic ammonium ions from (J- 

br~moalkylamines.~~ For intramolecular hydrogen 
abstraction in the excited triplet state of long-chain 
p-(carboxyalkyl)benzophenones, Winnik et al.38 re- 
ported kinetic data from which average EM values per 
methylene group of 0.04 to 0.08 M can be estimated.39 
EM data for the intramolecular encounter-controlled 
electron transfer in N(CHz),N-., where N denotes a- 
naphthyl or N-phthalimide groups, have been recently 
reported by Szwarc et al.40 to lie in the neighborhood 
of 0.02-0.04 M when m is in the range 10-20. A final 
example is intramolecular excimer formation in MezN- 
(CHz),Nit4e2,4l for which EM values close to M are 
observed when m is in the neighborhood of 12. Thus, 
in long-chain bifunctional compounds of up to 20-30 
atoms the reactivity appears to differ from that of the 
nonconnected 1M end groups by a factor common to 
all the intramolecular reactions, which can be related 
to the flexible long chain connecting the reacting ends. 
That is, the common EM level reflects similar losses in 
conformational entropy in the formation of large rings, 
irrespective of the chemistry involved at the ends of the 
chains and of the chain length in the investigated re- 
gion. 

Departure from the general behavior may be diag- 
nostic for special effects. Thus the finding that the EM 
values for the formation of the large-ring thio- 
phenophan-l-ones 7 lie below the usually observed 
range by about one order of magnitude (Figure 8) can 
be attributed to desolvation in the cyclic transition 
states.27 Solvent molecules may be prevented from 
solvating the ring especially in the vicinity of the sulfur 
atom by the chain crossing over the thiophene ring 
plane, as required by the geometry of the adduct to 
be formed. This view is consistent with the factz7 that 
the a-to-P intramolecular acylation of the 2-substituted 
benzothiophene 8 leading to the 16-ring ketone 9, for 

r 

8 9 
which extensive desolvation is not expected, ehows a 
“normal” value of 1.1 X M for the EM, which is 10 
times as high as that observed in the same ring size 
region for the a-to-a’ intramolecular acylation of the 
thiophene compounds. 
Cyclization of Very Long Chains 

Interactions of functional groups attached to the same 
polymer chain have stimulated a great deal of experi- 
mental and theoretical i n v e s t i g a t i ~ n . ~ ~ ? ~ ~  A major 

(37) Work by H. Freundlich and co-workers and G .  Salomon, quoted 
in ref 5. 

(38) (a) M. A. Winnik, S. N. Basu, C. K. Lee, and D. S. Saunders, J.  
Am. Chem. Soc., 98,2928 (1976); (b) M. A. Winnik, Acc. Chem. Res., 10, 
173 (1977). 

(39) The EM values have been estimated multiplying by 4 the slopes 
of the straight lines reported in Figure 2 of ref 38b. The multiplying 
factor accounts for the presence of four methylenes in hexane, which is 
the compound chosen to  model the bimolecular quenching of the ben- 
zophenone derivative phosphorence by alkane chains. 

(40) (a) K. Shimada and M. Szwarc, J. Am. Chem. Soc., 97, 3313 
(1975); (b) K. Shimada, Y. Shimozato, and M. Szwarc, ibid., 97, 5834 
(1975). 

(41) A. M. Halpern, M. W. Lagenza, and B. R. Ramachandran, J. Am. 
Chem. Soc., 101, 5736 (1979). 
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motivation in these studies was to relate intrachain 
reactivity to the conformational and/or dynamic 
properties of the chain connecting the functional 
groups, thus providing a probe for the shape and flex- 
ibility of polymer chains in solution. While the matter 
is outside the scope of this Account, attention is called 
to recent studies by Sisido and his on the ki- 
netics and equilibria of intramolecular interactions of 
end groups attached to polysarcosine and polyoxy- 
ethylene chains with a number of atoms up to about 
50-100. The ease of ring closure was found to decrease 
but moderately as the chain length increased, the EM 
values for the cyclization of very long chains being in 
the order of 1 X M or slightly less. Thus, only 
within chain lengths of about 10 atoms does a dramatic 

(42) See, for example, (a) H. Morawetz, Pure App. Chem., 38, 267 
(1974); (b) A. Perico and C. Cuniberti, J.  Polym. Sci., 15, 1435 (1977); 
(c) M. Sisido and K. Shimada, J. Am. Chem. SOC., 99, 7785 (1977); (d) 
M. Sisido and K. Shimada, Macromolecules, 12,790, 792 (1979); (e) D. 
S. Saunders and M. A. Winnik, ibid., 11,18, 25 (1978); (0 G. Wilemski 
and M. Fixman, J .  Chem. Phys., 60, 866, 878 (1974). 

(43) (a) M. Sisido, T. Mitamura, Y. Imanishi, and T. Higashimura, 
Macromolecules, 9, 316 (1976); (b) M. Sisido, H. Takagi, Y. Imanishi, 
and T. Higashimura, ibid., 10,125 (1977); (c) Bull. Chem. SOC. Jpn., 50, 
1807 (1977); (d) M. Sisido, E. Yoshikawa, Y. Imanishi, and T. Higashi- 
mura, ibid., 51, 1464 (1978). 

reactivity drop occur. Sisido’s data indicate that the 
reactivity level we have determined for large rings up 
to about 30-membered decreases only slightly for chains 
whose length is as high as 100 members. 
Concluding Remarks 

We have gained new insights into the factors con- 
trolling the formation of ring molecules by quantitative 
investigation of ring-closure reactions over a wide 
spectrum of ring sizes. The determination of effective 
molarities (EM) has stimulated accurate collateral 
analysis of intermolecular model reactions. 

One of the most spectacular results of these studies 
is the observation that EM values tend to become sim- 
ilar to each other whatever the nature of the reaction, 
the structural series and the experimental conditions, 
as the ring size increases slightly beyond the medium 
ring region. The effect has been ascertained as far as 
ring size 32. 

The data obtained and the principles revealed by this 
approach provide a general basis for the interpretation 
of ring closure reactivity. Among other applications, 
this basis will enable recognition and assist interpre- 
tation of unusual effects encountered in special cases. 
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Hemoproteins are biomolecules which employ iron 
porphyrins in their active sites. They accomplish di- 
oxygen transport, electron transport, hydrogen peroxide 
destruction, oxygen reduction, and several kinds of 
oxidation including alkane hydroxylation.’P2 Except 
for electron-transporting proteins, all of these molecules 
employ a five-coordinated iron in order to leave the 
sixth position open for ligand binding or catalytic ac- 
tivity. The dioxygen-transporting hemoproteins further 
require that the iron be maintained in the ferrous state.’ 
This is not the thermodynamically stable state in the 
presence of dioxygen, and thus the protein somehow 
retards oxidation to the Fe”’ state. 

We began our present work with the idea of removing 
the active site from these dioxygen-transporting pro- 
teins and studying the effects of structure and envi- 
ronment upon its reversible oxygenation. To do this 
we needed to obtain a “model compound” which would 
resemble the protein and resist oxidation long enough 
for measurements to be made. This can be accom- 

Teddy Traylor was born in Sulphur, Oklahoma, in 1925. He received his 
B.A. and Ph.D. from the University of California, Los Angeles, with the late 
Saul  Winstein. After 7 years with Dow Chemical Co. and 2 years as  a post- 
doctoral fellow with Professor Paul D. BarUett at Harvard University, he joined 
in 1961 the faculty of the University of California. S a n  Diego, where he is a 
Professor of Chemistry. He was a Guggenhelm Fellow in 1976. His current 
research interests include bioorganic and organometallic chemistry. 
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plished by either slowing down oxidation or speeding 
up the measurements. 

Following Wang’s seminal discovery that a heme- 
imidazole mixture in a polymer matrix could be re- 
versibly ~xygenated,~ we conceived the idea that a 
model compound should have one side protected with 
a hydrophobic structure and should have on the op- 
posite side a covalently attached imidazole to maintain 
five-coordination,4 the “chelated heme” approach. We 
reported the synthesis of a protected porphyrin, por- 
phyrin cyclophane, in 1971, a t  which time we planned 
to combine the “protected heme” and “chelated heme’’ 
approach into a single molecule. However, alternative 
ways to observe reversible oxygenation were discov- 
ered,&* and we temporarily abandoned the protected 

(1) Antonini, F.; Brunori, M. “Hemoglobin and Myoglobin and Their 
Reactions with Ligands”; North-Holland Publishing Co.: Amsterdam, 
1971: (a) p 50; (b) p 221; (c) p 93; (d) p 225; (e) p 227. 

(2) Gunsalus, I. C.; Meek, J. R.; Lipscomb, J. D.; Debrunner, P.; 
Munck, E. “Mechanisms of Oxygen Activation”; Hayaishi, O., Ed.; Aca- 
demic Press: New York, 1974; pp 559-613. 

(3) Wang, J. H. In “Oxygenases”; Hayaishi, O., Ed.; Academic Press: 
New York, 1962; pp 502-511. 

(4) (a) Diekmann, H.; Chang, C. K.; Traylor, T. G. J. Am. Chem. Soc. 
1971,93,4068-4070. (b) This cyclophane was not tested for dioxygen 
binding. However, we have recently prepared an anthracene-7,7-heme 
cyclophane which forms a stable oxygen complex in solution, thus dem- 
onstrating the viability of the original cyclophane approach to heme 
protection (S. Tsuchiya, unpublished). See also ref 13b for another 
example. 
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