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Ii. introduction and scope ojrhe Report 

Anold-fashioncdvctcrinary treatment fordccpgashcsin thefleshoflargefarmanimals.asreportcdina 
popular autobiographical series.’ involves packing the wound with iodine and then soaking it in 

turpentine. Thisproducesa vigorous reaction’ attributed to thecxothermic process involving addition 

of iodine to thccarbon carbon double bond of z-pincnc and subsequent rearrangement ofthe resulting 
cyclobutonium carbocation. Simple alkcnes are, of course. inert to iodine. 

This observation is typical of many thousands of anecdotal observations in the literature which 

purport torclatcreactivitychanges to theeffectsofstrain,ormoreloosely,stericeffects. It is the purpose 
of this report to rcvicw the attempts that have been made to make quantitative relationships between 

what will be called strain (defined below) and reactivity. “Reactivity” will be employed in the kinetic 
sense and hence the effect of “strain” is to be identified as an cffcct connected with the energy difference 

between the ground states of rcagcnts and the transition state energy for the reaction under 
consideration. It is not a rcvicw of stcric etTects in general and in spite of the fact that very many 

reactivities have been carefully quantified by kineticists over many decades, very few comparisons have 
been made between systems for which strain energy differences are accurately known. The paucity of 
data is due to the lack of comparisons made between systems of known energy. Such energies are 

dcrivcd cxpcrimcntally tither from thermochemical measurements on the one hand, or from 
calculations on the other. The last two dccadcs have seen substantial decline in the number of 
thermochemical determinations, but this decline has been complemented by a rapid increase in the 
calculation of energies of molecules or transition state models by molecular mechanics (empirical).‘.’ 

MNDO methods’ or even ab inirio (SCF)6 methods. 
A further restriction of the scope of this review imposed by the reporter is that effects which produce 

small changes in reactivity are in general neglected because of the difficulty of interpretation. For even 
simple molecules in solution. differences of salvation’ may be responsible for differences in effective 
ground state energies of I-2 kcal mol - ’ and it is the reporter’s firm belief that only substantial effects 
merit interpretation. 
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What cmcrgcs from a quantitative study of the relationship between strain and reactivity is either, 

on the one hand, an cstimatc of the nature of the transition state for the process or, on the other, 
identification of failure to accord with a relationship between strain and reactivity and hence the 
identification ofprocessesoccurringother than thoseconsidcred whenevaluatingtherelationship.Thc 

former approach has been particularly used by the reporter and his group using thermochemical strain 
cncrgics in cyclic systems and relating the strain cncrgics to the reactivitics of such systems. The latter 
approach has heen particularly used by Schleyer and his collaborators in, for example, the 

identification of the involvement of processes other than simple ionisation in solvolytic reactions. 
Molecular mechanics calculations can now be performed on certain types of system with great 

accuracy ’ lo and the prediction of reactivities in such systems is now becoming increasingly possible. 

Commentsin thcliteraturcrclatingto thcobstructionofaccessofone reagent toanothcrdatc back 
to HotTmann”.” and “steric etTects”are used like patriotism by a scoundrel as the last refuge of those 

who have difficulty in interpreting reactivities. The reason for this is not far to seek ; there is a great 

lack ofquantitative data on steric energtes and hence gucsscs about the quantitative incursion ofsterrc 
effects are difficult to critic& because critics lack a quantitative basis for comment. This situation is all 

the more disappointing because there is no doubt that, next to electron delocalisation, “steric effects”, 
have the largest influence on the reactivity of organic substrates. Ten powers of ten is by no means the 

largest reactivity difference which can be directly ascribed to the effect of strain, and against this 

background therefore, small effects will be passed over with very brief mentions only. 

The first serious studies of the quantitative effect of strain cncrgy on reactivity were initiated nearly 
fortyyearsago on thecxperimcntal side by H.C. Brown’sgroupat Wayncand Purduel’and by Ingold 

and his collaborators in London. ‘* On the theoretical side Westheimer.” at Harvard, made the first 
proper dissections ofstrain energy into its components and suggested how proper calculations of strain 
energies should be conducted. 

In H. C. Brown’s consideration of strain, particular attention was paid to three types of strain, the 

labels for which have passed into the qualitative vocabulary of stcric effects. These are : F’ (forward) 
strains resulting directly from the interaction between two reagents or, in a dissociation (below). the 
interaction of resid~tun’~ and leaving group. The second, B (back) strain, is that which results from 
changes in the structure ofa rcagcnt when it cntcrs into reaction. a typical cxamplc being the increased 

non-bonded interaction between alkyl groups in a tertiary amine upon quatcrnisation. The third type 
of strain, 1 (internal), is specific to ring systems and results from the strain engendered by hybridisation 

changes consequent upon reaction. Typical examples are nucleophilic substitution in cycloalkyl 
halides and the reduction of cyclic ketones. 

The effects upon reactivity that wcrc idcntificd by Brown and his collaborators were quite 

substantial, spanning ranges of up to 10’ in reactivity. Brown’s data are nearly all in terms of relative 

reactivity and the energetics were generally not dissected into cnthalpy and entropy components. 
Furthermore, there was no attempt to evaluate the energy change incurred on passing from ground 
state to the transition state with suitable models. Strain wasclearly a very important factor in reactivity 
differences but the connection between strain energies and activation cncrgies could not be made. 

Notwithstanding, Brown’s work in this area has provided organicchcmists with a qualitative language 

with which to discuss steric effects and a qualitative basis of comparison between systems. 

At around the same time, Ingold and his collaborators” undertook the first calculations of the 
energies of transition states in nucleophilic substitution in simple aliphatic systems, and related the 
results to thereactivityofalkyl halidcs,puttingonaquantitativc basisfor thcfirst time thcrcactivityof, 
for example, neopentyl halides. These calculations were admittedly imprecise and resttictcd in their 
generality. The model for the activated complex was that in which nuclcophilc and leaving group were 
co-linear and covalent bond radii of the ligands attached to the penta-coordinate carbon in the 
transition state were used. The steric strains calculated in this way correlate broadly with the steric 
strainsasdctcrmincd experimentally by theditTerence in energy ofactivation increments from methyl in 

passing along the sequence methyl, ethyl, n-propyl. isn-butyl, neopentyl” (Table I). 
It is the dcvclopmcnt of such calculations, notably in the hands of Westheimcr” and those who 

have followed after him that have put the calculation ofsteric effects on a proper basis and has been the 
foundation of modern connections between calculated quantities and experimental reactivities- 
Allingcr’s rcvicw’ ofthc application ofmolecular mechanics to the predictionsofreactivity particularly 
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Table I. Stcnc strams and ractivitles for the reactron : RBr + OEt - R0F.t + Br 

R- 

methyl ethyl n-propyl Isc+hutyl ncopcntyl 
.-------.-.--- ----- -.-.- - - --.-- - - - 

Rdatrvc rates at 55 ’ 17.6 I 0.028 0.0.30 0.0amo42 
E, (kcal mol ‘1 20.0 21.0 223 26 2 
Stenc stram 

lkcal mol ‘) 0.0 I .0 2.8 6.2 
Calculatai (with C-Br 

stretching) 00 07 Il.7 

in solvolyscs. lactonisation, and nucleophilic substitution gives a useful survey of work in this arca. 

This report will also comment on the absence of steric strains upon reactivity. We shall see (below) 

that in many instances in which the influence of stcric strains might be expected to be very marked. 
notably in cyclisation reactions, they are absent. 

There have been very many reviews ofstrain, somedealingin a general way with strained molecules; 

notable recent examples are those of Greenberg.” Liebman’& and TidwelLLBb These. howcvcr, do not 

deal with the relationship between strain and reacttvtty. Likewtse thcrc have been many rcvicws of 

“stcric effects” and their influence on reactivity. but without connecting reactivity with stcric energies 
quantitativcly.‘g~‘o 

This review brings together those reports in which at lcast some quantitative connection is made 
between mcasurcd reactivitics and strain energies derived either experimentally with identifiable 

assumptions, or from calculations. 

liii. Definirion ofsfroin 

It is important to define the term because the evaluation is affected by the definition. (For example 

cyclohcxane may be referred to as”strainless”.20)Strain can be regarded as a net unfavourableenergy’ ’ 
but if the definition is-that energy. allowing for conformational mixing by which the molecule differs 
from the n-alkanc. correcting for chain-branching” is applied.” then cyclohexanc is strained by 1.35 
kcal mol ’ and values arc tempcraturc variable. ” Strain is to bc regarded as a composite of angle 
strain, torsional strain, bond extension strain, and non-bonded interactions. It is clear (below) that 

these factors may contribute to reactivity variations with very different wcightings according to the 
natures of transition states. The definitions are the bases of calculations and connections between 
them arc well made in a later review.’ Similar summa& have been provided by Page.” 

liv. Calculations of molecular energies and ecaluation of strain 

The overwhelming majority of calculations of molecular energy which arc rclcvant to making the 

connection between strain and reactivity have emerged from molecular mechanics It is not within the 
scope of this report to review in any detail the validity and assumptions of such calculations; recent 
rcvicws deal with the nature and bases of calculations.y.2’0 A comprchensivc basis for force-field 

calculations has been provided.” Essentially, results for molecular energies arc obtained by using a set 

of rcferencc molecules whose energies arc known from thermochemical data. The effects of 

perturbation of these refercncc structures in terms of bond lengths and angles is then calibrated from 
other thermochemical data and the information thus provided allows derivation of molecular cncrgics 

of hydrocarbon and some oxygen-containing spccics. Superimposed upon these cncrgics are the 
additional energies arising from angle deformation. torsion and non-bonded interactions. Results can 

be calibrated against thermochemical energies of molecules in ground states and energies of species 

differing in particular respects from the ground state can be derived. Particularly important. ofcoursc, 
arc attempts to derive transition state energies from models with, for example, specific cxtcnsions of 
particular bonds,distortion ofspecific anglesand simulation ofcomplex leaving groups with hydrogen 
atoms or methyl groups. Such calculations have proved particularly accurate in the hands of Schlcyer 
and his collaborators and particularly in rcspcct of solvolytic processes (below). These are particularly 
susceptible. because of their inherent simplicity, tocalculation : reactivity comparisons ofthis nature. It 
is interesting to note the development of confidence in such calculations to the point where it is 
remarked “Quantitative calculations provide the best guide for the cxpcrimcntalist who wishes to 
investigate a new system” and “Only quantitative calculational procedures will survive the rigours of 
extensive comparison with cxperimcntal resultsnz6 
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The ability ofsuch calculations to suggest or to identify that component ofmokcularenergy that is 
significant in determining reactivity is striking. Obvious examples are seen in evaluation of strain 
involved in formation ofa carbonium ion strained in its planar conformation which decides solvolytic 
reactivity(below),and in cyclobutane ring opening reactions(below) the sources ofstrain derived from 

calculations demonstrate the large differences from cyclopropanes notwithstanding their superficially 
similar energies.” 

There are very substantial limitations on the types of structure for which accurate energies can be 

dcrivcd from molecular mechanics calculations. Heteroatoms other than oxygen cannot generally be 
included in. or attached to. hydrocarbon frameworks. Qualitative predictions ofproduct distributions 

are possible by calculation of strain energies in transition states as, for exampk. in photolyscs of bicyclic 
ketone? and this qualitative level of connection between strain and reactivity is typical of many 
reports that will not be specifically included on the basis of the definition of the scope of the report. 

The force-field (molecular mechanics)method is based on empirical data. More refined calculations 

from more restricted data bases arc, in principle, capable of obtaining more accurate energies. The 
necessary complexity of systems likely to be of interest in the connection between strain and reactivity, 

however. makes such calculations difficult. Dewar ” has applied MNDO to calculations of transition 

stateenergies in homolytic rcarrangcmcnts(below) but such bases for strain-reactivity correlations are 

rare. 

Iv. Empirical methods 

Ground-state energies of stable molecules arc directly derivable from thermochemical 
mcasurements.‘0”~30b The information can be used as the data base for calibrating molecular 

mechanicscalculations.oraIternativclyforgivingencrgiesofstraincdsystcms without theproblems,in 

general. of complexity or atom variation. The response of activation parameters to such encrgics can 
then be used to draw conclusions about the nature of the transition states and hence the way in which 

strain is relicvcd. This approach has been employed in the reporter’s group (below). It is particularly 

suitable for highly strained systems, notably small rings, when relief of strain is the dominant factor in 
reactivity.Theessenceofthemethodis to buildupadata baseofbondenergy termsfrommeasurements 

of heats ofcombustion, such bond energy terms being derived from “unstrained”(at least apparently) 
systems. Comparison ofpredicted andexperimental energies then reveals discrcpanciesattributablc, if 

in excess, to strain. Such excess enthalpies are not, ofcourse. disscctcd into components as is possible 

with, for cxamplc. molecular mechanics calculations, but the assumptions contained in the results arc 
clearly visibk and recent work in the reporter’s group has revealed very large discrepancies in the 

behaviour of systems with nominally similar strain cnergics expressed as cxccss cnthalpies (below). 

II. TYPFS OF REACllOSS IN W~iICii QIJANTITATIV): RkXCllVlTVJTRAIN 
CORRiXATIONS HAVE BEE\ MADE 

Ilia. S,l reactions 

Dissociations to form carbocations have provided the most comprehensive correlations of strain 

with reactivity. The pioneer work ofSchleyer*.“’ and Footc”*(the Foote Schleycr correlation)“c in 

this field has enabled calculations of strain energies which can predict reactivities spanning factors of 

IO” often within one power of ten. 
It was rccognized’lb that thenaturcofthechangcinstrainenergyondissociationwasrelatcd to the 

change in stretching frequency of the corresponding kctoncs so that 

log k -log kc,c,ohrr,, = - 0.132 (\sc _ o - 1720) 

over ten powers of ten with r = 0.97. When, in addition to bond angle strain. changes reflected in 
carbonyl stretchingfrequencies. torsional and non-bonded intcractionsarcconsidered. together with a 
structurally dependent inductive term, the more detailed equation is derived :* 

log k,,, = (1715- vc-o)/S+ 1.32 1 (I + 3 cos 4,)+(GS-TS strain),‘l,36+inductive term. 

This type ofsystcm is particularly suitable in that the reaction in its ideal form is inherently simple and 
the residuum is a hydrocarbon framework especially appropriate for calculations and often with well- 
defined geometry. As can be imagined. systems need choosing with great care as do the models for 
calculations. In terms of the reaction systems, it was important to be able to exclude. as far as possible, 



Evaluauon of the dkct of strain upon rcacttv~iy 1617 

the intrusion of factors other than strain differences from the reactivity data. Solvolysis can often be 
very complex. Schleycr’s group z’*‘* has concentrated in most studies on tertiary and usually 
bridgehead derivatives. These systems are immune from the effects of neighbouring group 
participation. k, and solvent assistance k, (as entry to the rear of the electrophile is obstructed), and give 
what are believed to be simpledissociation rateconstants k,. Thecalculationsatc then based on models 
in which the real leaving group, typically tosylate, or p-nitrobenzoate, is simulated, usually by 
hydrogen, although sometimes by methyl (below). The results obtained are astonishingly good” (Fig. 
1); the pattern of bridgehead rcactivities spanning more than lOi involves approximations from 
substrates with varying leaving groups. 

It had been concluded in earlier studies ” that conformational strain was responsible for the low 
reactivity of bicyclo[2-2-2]octyl compounds, and that framework 4 was very much mow rigid than 2 or 
3. Later work” demonstrates the lack of assistance from thccyclopropyl ring. Strain calculations have 

been able to predict the very high reactivity ofmanxyl chloride(8)“’ in which 4.8 kcal mol ’ ofstrain is 
relier:ed on carbocation formation. The observed rate is even faster than expected making this system 
one of the most reactive tertiary derivatives leading to a non-resonance stabilised carbocation. System 

X X x - OSO&F, 

RH-+R’ s 7 
k r.t 1 2.84: IV 5.5 x 10‘ 
AII,,.,,” 31.3 254 19.1 

9 gives a solvolysis rate ‘* which fits on a strain-energy plot. Deviations have been observed for some 
bridgehead derivatives; solvolysis of tosylate IO” IS much slower than predicted from strain 
differentialcalculations.Theabnormalbehaviourisattributed to theelectroniceffect resultingfrom the 

difficulty of alignment of the developing vacant orbital with an anti-periplanar orbital in the cage 
framework. 

For solvolysis of bridgehead derivatives, the strain calculations take into account the tendency of 
the residuum carbocation to adopt a planar conformation. It is the large force constants involved in 
deformation of the original tetrahedral structure that principally determine the increase in strain 
enthalpy and distinguishes between structures on the basis of their flexibility.38*39 

In the examples above, selected from very many instances, departure of the leaving group leaves 
behind a structure in which strain increases because of the need to approach a planar conformation. 
Many examples are known, however, in which departure of the leaving group is associated with reliefof 
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Fig I. Solvolys~s of tosyhtc~: AH,,, versus log k,,, 

ground-state strain. In the 2-alkyl-2-adamantyl system 11 l ’ with the bulky pnitrobentoate Icaving 

group, rates of solvolysis increase dramatically (Fig. 2) as the size of the group R increases and the 
correlation with calculated strain energy is clear notwithstanding the bunching of points other than 
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Fig 2. Calculated hydrocarbon cation stram energy diflercnm (A stram) plotted agamst log of the 
expctimentJ raIc constants (WC acetone. 25’) for a scria 0r 2-alkyl-2-•damantyl-pn~trobcnzoatcs; kut- 
squares tit : log k = I .23 A stram - 6.93. (Rtproduad with pmnuuon from rd. 40. Copynght ( 1972) Amencan 

Chemical Society.1 

that for t-butyl. The line is defined by log k = I .23 A strain - 6.93. The activation parameters ofTablc 2 
show clearly that it is cnthalpy variation and not entropy that determines the trends. Strain in the 

ground state arises from non-bonded interaction with the R group in the axial position. Comparison. 

however, of the solvolysis of pnitrobenzoates in this system, with acid catalysal dehydration”’ shows 

that relief of front strain involving the leaving group is significant. For adamantanol dehydration, the 
slope of the AG’ versus A strain energy plot is 1.01 but for pnitrobcnzoate solvolysis is 1.77.” In strain 

energy calculations the pnitrobcnzoyl group cannot just be treated as a hydrogen atom. In later 
work.“* the same authors showed that strain energy calculations could deal with the greater steric 
demands of the pnitrobenzoate leaving group if methyl and not hydrogen were employed as its 

surrogate. Similar results have been obtained” for tosylatcs when the correlation : 

log k = 0.63 A strain - 6.73 

is obtained. 

Cation -hydrocarbon strain energy diffcrenccs can account” for the IO’-fold greater reactivity of 

sulphonate 12 over 13. In the former, the ester function is forced into proximity with the alkyl 

RO 

& 
R - SO:C‘H,CF, 

12 

R = .So,CH,CF, 

13 

Table 2. Solvolysis rates and activation prrameten for 2-alkyla&mantyl-2- 
pnitrobenwata* 

AH* As’ 
Substrate L, (kcal mol- ‘) (ul mole’ K-‘1 

--- ---- 

I-RuOPNB I 29.2 - 7. I 
R 1 Me 20 30.2 -2.2 
R - Er IS.4 2g.I -5.3 
R r ncqxntyl 20.0 29.0 - 1.6 
R = i-h 67.0 28.1 -2.4 
R = I-Bu 450.000 21.6 -6.5 
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Tabk 3. Solvolyxs of pmlrobcnmales, R,COPh’B*’ 

R, k.,, R, k ,.I 
----- -- ----.--- 

MC, I I-Bu(Neopcnryl), woo0 
(I-Bu), 13.oal (Neopmlyl), 560 
(I-Bu),Neopcn~yl I9.ooo 

substitucnts. Quite small differences can be accounted for in adamantyl systems. For tosylate 14, 

solvolysis is 2.2 times faster than for 15.” The calculated energy difference corresponding to strain relief 
informationofthecationis l-l.3 kcalmol .‘. Whentheleavinggroupispnitrobenzoate, therateratio 

is 350. 

14 15 

Several related examples of strain-reac tivity correlations have been noted. In early work, Bartlett”’ 
measured the rates of p-nitrobenzoate solvolyses for bulky alkyl groups (Table 3). B (back strain) is 

rclievcd by change from the tetrahedral to planar configuration. There was no correlation between 

solvolysis rate and rearrangement, and concerted assistance to ionisation was thought not to be 
important.Thereisa roughcorrelationofrates withtheenergiesofrepulsiveinteractionsbetween non- 

gerninal methyl groups. These amount to a maximum of about 7.7 kcal mol ‘. Collation45b of Bartktt’s 
data”* with that of Dubois and Lomas*% gives an excellent correlation between AC’ solvolysis for 
R,COPNB and A strain (R,CMc-R,C ‘) with slope = 0.32. F (forward) strain involving the leaving 
group is seen46 in reactions of compounds 16 and 17. This is due to 1,5- and 1,6-interactions with the 

16 17 

OPNB leaving group giving 16 a reactivity 2860 times greater than 17. When the leaving group is 
chloride, however. the ratio is 1 : 12 for 16: 17. The F-strain derived for p-nitrobenzoates from this out- 
of-match amounts to 5.4 kcal mol - ‘. Dubois and Lomas46a had shown earlier that relative rates of p- 
nitrobenzoate solvolysis and alcohol dehydration increase substantially with congestion at the leaving 

group. 
For the reactivity-strain energy correlations described, systems have been carefully chosen so as to 

makcsimple. unassisted, dissociation the rate-determining process. Deviations from the well-behaved 
strain energy versus activation energy plots obtained can be used to detect processes other than simple 
dissociation. Good correlations between 6,,,,, __, RH + R l and log k,,,,ro,lr,, (k,) are obtained when, 
in models for the transition state used in calculations, either H or Me are used to simulate the leaving 
group. When “assisted” substrates are included, the correlations break down.*’ 
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Examples of noncompliance with the Schleyer-Footecorrelation **‘lb and its later refinements are 

useful in suggesting details of the processes involved. Rates of solvolysis of homocubyl derivatives 18 

and 19 both show4E substantial positive deviations of co 10’ from calculated values. The accelerations 

are regarded as being consistent with u-participation in ejection of the leaving group. 

18 19 

Similarly. solvolyses of diadamantylmethyl and di-t-butylmethyl derivatives have been com- 

pared.4Pa 

( I-Ad)2CHX t-Bu,CHX 

20 21 

( 1 -Ad),CMcX t-Bu,CMeX 

22 23 

Strain energy differences calculated by molecular mechanics are very small either between 

H H 
I I 

R,C-H and R&--H or between R&-Me and R,C-Me 

for both adamantyl and t-butyl series. They predict that solvolysis rates for 20 and 21 should be about 
the same; experimentally. diadamantyl derivatives 28 are more reactive by IO’ ‘-IO’ O. Likewise I- 

butyl derivatives Uarc predicted to be up to IO’ faster than adamantyl derivatives 22. They are slower 

by IO’-’ to IO’ l . Such deviations point to enhanced (and not allowed for) inductive and 
hyperconjugative contributions to the cation stabilities. This type of study, in view of the small energy 

differences involved, is to be regarded as the refined sector of strain-reactivity comparisons.49b 

In solvolysis of cyclo-octyl tosylate,” relief of ground-state strain on dissociation provides a simpk 

ionisation pathway k, with which ‘assisted” pathways do not compete. The relief of strain on ionisation 
calculated for Me = OTs is - 3.06 kcal mol - ’ and the k, mechanism is confirmed by the linearity of the 

plots of log k for cycle-octyl tosylate solvolysis and log k for I-adamantyl bromide solvolysis in 

ethanol-water and trifluoroethanol-water mixtures of varying composition.” MM calculations were 

made of the strain energy difference between the methylcycloalkane as a model for the ester and the 
ketone as a model for the sp’ hybrid&d transition statc(using lowest energy conformers). Correlations 

of rates in ethanol with these strain energy differences are poor (Fig. 3) but with rates in TFE (no 
nucleophilic assistancc) arc good (Fig. 4). 

0” 

0’ 0’ 

0” 0’0 
0* 

A__--.- .-- 

0 2 7 
3F,(kcal mol-‘1 

FIN. 3 Solvolysis rates in ethanol as a function of strain energy &lTercnca. Numbers rder to ring W.IX 
(Repro&& with pcnnusion from rd. 51. Copyright (1980) Amencan Chemical Socwcy.) 
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? 4 

AF, (kc~l molt’) 

Fig4. Solvolysisrataintrifluoroe~hanolasafunct~onofstra~nenergyd~~ercncu Numbersrefer ~oringsti. 
(Reproduced with pcrrmu~on from rd. .<I. Copyright (IYW)) American Chemical Society.) 

The observations fully support Brown’s qualitative l-strain concept “- “in which internal strain is 

responsibleforthedifferingreactivityofcycloalkyl halidesinduced bythcchangeofhybridisationfrom 

sp’ to sp’. Brown s’showcd that cyclohcxyl derivatives were least reactive because of bond opposition 

on ionisation and the medium-ring derivatives were most reactive because of loss of transannular 
interactions on dissociation. 

Muller” and hiscolleagucs have shown that for solvolysis ofsecondary tosylatcs in AcGH or TFE 
the free energies of activation correlate with strain differences between substrate and derived ketone 

obtained from MM calculations and with AC,, for the equilibrium between ketone and cyclohexanol. 

Slopesarcclose tounity.Thecorrelationisextensive;bAG’covcrscc ISkcalmol-‘and thedeviations 

areaccountableon the basisofanchimericorsolvent assistance. When thecarbocation formed is highly 
strained, thecorrelation breaksdown. 7-Norbornyl showsastrongnegativedcviation whilecyclobutyl 

correlates quite well; this is properly regarded as fortuitous. The carbonyl group as model probably 

leads to an underestimate of angle strain in the transition state and the rate for cyclobutyl is enhanced 

by other factors, notably anchimeric assistance. 

IIib. The norbornyl conrroz:ersy 

A huge amount of work has been stimulated by the controversy over the structure of the species 

generated in the solvolysis of2-norbornyl sulphonates and related compounds.“*‘6.” From the point 
of view of cot-relation of strain with reactivity. Schleyer ‘a showed that exo-2-norbornyl tosylate 

solvolyses lO’.8 faster than can be accounted for by calculations which correlate rates for many other 
secondary tosylates. This was concluded to be compelling evidence for the formation of bridged 

carbocations, the end-x0 strain in norbomyl sulphonates being estimated4*58 at 1.3 kcal mol- ’ and 
the relative exe : end0 rates atter correction for internal return correspond to a AAG* of 4.5 kcal mol ‘. 

These values permit construction of the Goering-Schewene diagram (Fig. 5).s9 The question then 

arises : is AG,Y’_, small because of bridging or is AGA,, large because of steric restraint upon nucleofuge 

departure? Calculations of energies to compare with reactivities have given variable results. As has 

been mentioned. the Foote-Schleycr correlation**” of strain encrgics with solvolysis rates indicated 

that exo-reactivity was abnormally high and consistent with a non-classical ion. The Foote Schlcyer 
correlation does not however take into account the effect ofditfercntial strains in the transition state 
caused by the leaving group. A strain (TS) for leaving groups has been assumed to be rero. Substantial 
discrepancies between calculated and observed rates for en&-dcrivative-s, in which A strain (1‘S) for the 
leaving group might be considered to be significant. forced the conclusion” that such correlations 
could not be decisive in dealing with the problem. The status of calculations in 1977 is reviewed by 
Schleycr.” That stcric constraint on leaving group departure is important is suggested by the 
comparison b’ of acetolysis rates for 24.25 and 26 which are nor matched by calculations which ignore 
the rolcoftransition state strain for leaving groups. It is clear. however. that ground-state strain energy 
differences between exo and endo derivatives are small and as the intermediate carbocations are 
identical, it is the transition stateenergy differences which are responsible. Schleycr” doubts if leaving 
group dcparturc can be the root of such ditfcrences and so does Grab.“’ 
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I 

FIN 5. Free-energy diagram for the acrtolysu d exe and undo-norbomyl losylala. [Reproduced wtth 
pcmnuion of the authors and publishm d rd 56.) 

Thermochemical data on heats of ionisation. AH,. showb’*” that the tertiaryandary difkences 
In AH, for RCMc,CI. I-R-cyclopentyl-Cl and 2-R-norbornyl-Cl. in which R = Ph or H. vary rather 
littlc throughout the series. There is no controversy over the classical structure of the 2-Ph-norbornyl 
cation and the data does not, therefore reveal any special stabilisation of the 2-norbomyl cation. These 

k ,.I k 7.1 

“c--o GSLG’ IO’L, Cak Ob 
urain 

1746 4.0 0.45 420 0.054 

1743 4.0 0.86 loa, 0.10 

01s 

26 
‘Ground stale lavin8 group rlrain. 
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data refer to complete ionisation. The Gocring-Schewene diagrams for transition state energy 

differences show at least 6 kcal mol - ’ between exe- and en&substrates. The estimate for complete 
ionisation derived from partial transition state ionisation is reasonably put at 8 kcal mot - ‘. This should 
show thcrmochcmically if special stabihsation of the transition state for exn-norbomyl solvolysis is due 
to formation of a species other than a classical secondary carbocation.64 It does not, but Arnctt et oL6 

arc noncommittal on this point. Browns’b.o’ restates the thermochemical position and rc-cmphasiscs 

the missing extra stability of the 2-norbomyl cation. The latest calculations’~~6”b show that there is a 

single minimum on the potential energy surfact consistent with a non-classical structure also 
supported by ESCA spectra, NM R chemical shifts and by isotopic perturbation effects. Brown has oft- 

repeated the question “Why the exo-en& rate differen&” Grab”’ suggests that endo+xo differences 
can be accounted for on the basis of control, by inductive effects, of the strength of bridging. 

In connection with nonclassical intermediates, the fact that 4-homocubyl bromidc(Ma)solvolyses 
verymuchmorerapidlythan I-norbornyl bromide(% hexafluoropropan-1-olnotwithstandingan 

increase of strain enthalpy of 66 kcal mol ‘, has led RPchardt’6b to suggest nonclassical stabilisation 

of the homocubyl carbocation. 

268 26b 

Strain effects in other situations related to solvolytic processes have bezn quantified; log k,,,, for 

solvolysis of tosylatcs and pnitrobcnzoatcs of small-ring derivativcs.67’ in which strain energy 

differences arc insensitively expressed, 67b show a rcctilincar relationship with charge transfer 

frequencies for R - Ph + TCNE over lo8 ink,,,. This implies that acceleration is due to an conjugation 

of strained bonds with the adjacent carbocation ccntre. 
As hinted at above, calculations arc not always a safe guide to bchaviour in spite of many striking 

successes. Isomerisation of Z760 in CF,CO,H gives 28 and not 29 or 30 in spite of the fact that MM 
calculations of their cnthalpies give values 36 kcal mol ’ lower than that of 28. 

27 28 29 30 

IIic. Bromination 

Forcefieldcalculationsofhydrocarbon~tionstraincnergydiffercncesallowprediction69’~bofthe 
bromination site in, for example, protoadamantane 31 at C, to give 32; its solvolysis rate is within a 
factor of three of the predicted value. 

31 32 
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Table 4. Obsctvd and calculated AN’ values for alkyl bromides (RBr) In 
halogen exchange rucuons” 

SE 
R AH: - All;, (Calc Ail; -. AtI:,) lo6 e: log eY 

-. .-.-.-. -- -- - - - - 
Me - 2.42 -6.20 - I 77 - I.5 
El 0 0 0 0 

n-Pr o.2n 0.04 0.20 0.4 
I-Bu 1.99 I II7 I.46 1.5 

Neopcntyl 6RS 703 5.02 50 
I-PI 2.62 4.61 I 92 I6 
I-Bu 5.6 II 77 4.1 

‘Source ofdata A. J. Srra~wxscr. Chcm. Rcr. 56.571 t 1956). gwng averagcx of 
experimental data from several sources. 

Iliia. SN2 reactions 

In this section are lumped together those nucleophilic substitutions that cannot reasonably be 

described as dissociations- the emphasis of the report is more on strain than precise mechanistic 
definition. Some of the examples quoted may be better described as oneclectron transfers which arc 

becoming increasingly ubiquitous in this area. 
Ingold’* revealed the first quanrirarive relationship between strain E “steric effects” and 

reactivity. Mechanismsofsubstitution reactions had been well defined at this time” and for halide ion- 

alkyl halide (Finkelstcin) substitutions, changes in enthalpies and entropies of activation were 
calculatad by what were essentially forerunners of molecular mechanics. Bond stretching bending and 

non-bonded interactions gave rate values within factors of 5 over a reactivity range of 5 x 10’ found for 

variation of alkyl group from methyl to ncopentyl. lngold remarked (prophetically for the content of 
this report) that Calculations reveal conclusions which intuitive considerations would not have 

rcvealcd. and would even have tended to conceal. . be more likely to produce a harvest in inacccssiblc 

conclusions of general interest than in precision.” A generation later. Abraham et al.” have been able to 
reproduce experimental activation parameters for SN2 halide exchange reactions without reference to 

polar effects of alkyl groups (used by Ingold but which have fallen into disrepute’*) using flexible (one- 

bond) bending and plastic (two-bond bending) modes. DeTar” reviews hand-calculator attempts to 
derive activation parameters and obtains by MM methods good agreement between calculated and 

experimental log krr, values for MC, Et n-Pr, i-Bu and neopentyl bromides in halogen exchange 
reactions. Calculated values are of cnthalpy dilTerences amounting to steric energy differences. Results 

are summarised in Table 4. 
A different approach is to compare the reactivities ofsystems with strains known (or assumed) from 

thermochemical measurements. Much the most commonly used systems involved strained rings well 

known to be susceptible to nucleophilic ring opening.‘**” 
The most directly relevant work is that of the Rome group76 ” on nucleophilic ring opening in 

cyclic ammonium salts (Scheme 1) whose data arc collected in Table 5. 
The competing reactions b and c are both affected by strain and for the nor-series (R’ = R’ = H) 

there is a broad correlation between b strain (for cycloalkanes) and bAG’ whose slope suggests that 

around20”/,ofthestrainenergyiscontributed toloweringofthetransitionstateenergyforsubstitution 
in the medium rings. Points for the 4 (most) and 5-ring systems deviate strongly. For the latter case the 

strain energy diffcrcnce is small and the steric requirement in nucleophile orientation is significant. 
The rates of end+nucleophilic eliminative ring hssion7p also follow excess enthalpies of the rings. 

butwithamaximuminrateat8-membersratherthan9.Thccffectofa-MesubstitutionistocutS,2ratc 
constants by co 200 in agreement with general experience in open chain systems.” Recently, 
nucleophilic fission ofstrained oxa- and thia-ringsystems has been quantified in the reporter’s group.” 
Results for 3-, 4- and 5-ring systems are given in Table 6. 

The reactivity of oxirans has been very widely investigated” but. surprisingly, few comparative 
studies on other ring systems have been carried out. Our resultsr’o on oxetan(4-ring) show a much larger 
3 : 4 ratio than that found by Searles ““for thiosulphate reactions but similar to that found by Pritchard 
and Long ‘lb for hydroxyl ion reactions. The 3 : 4 ratio is much larger, in terms of the strain differential, 
than the4: 5 ratio. WC believe that strain in theemembered isdifferently distributed from that in the 3- 
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R’ 

tiuc, 
Scheme I. 

ring accounting, at least partially, for the very different behaviours of these systems. This point is taken 
up again in Saction Iliii. 

In nucleophilic attack at sulphur, trimethylene disulphidc (33) is much more reactive than di-n- 
butyl disulphide (34) towards n-butylthiolate ion (Table 7)” The cyclic disulphide is straitreds* to the 
extent of4 kcal mol - ’ and it is odd that its high reactivity is largely due to a favourablecntropy term.” 

Tabk 5 

Ring 
n sizt 

--- 

0 4 
0 4 
0 4 
I 5 
I 5 
I 5 
2 6 
2 6 
3 7 
4 x 
5 9 
7 II 
9 13 

12 16 
n-Bu’NMe, 

R’ 
- 

H 
Me 
H 
H 
H 

Me 
H 

MC 
H 
H 
H 
H 
H 
H 

RZ 
- 

H 
Me 
Me 
H 

Me 
Me 
H 

MC 
H 
H 
H 
H 
H 
H 

kl,O 

zw 
(reaction b) 

.- - - 

8.5 

8.6 X IO 2 
3.14x IO l 

251 X IO -O 
- 

604x10 ’ 
I.64 x lo-’ 
5.75 x lo- ’ 
4.08x IO” 
6.84 x IO-’ 

4.6 x IO-’ 
294x 10 e 

kl30 

E 
(rcact100 C) 

-. _-. -. 

1.19 

4.18 x 10-O 
3.6 x IO- ’ 

3.68 x IO ’ 
1.29 X 10-e 
2.06 x lo-’ 
3.08 x lo-. 
5.70 X lo-. 
5.31 x lo-’ 
3.90 X 10’ l 

7.61 x IO-’ 
6.5 x IO-’ 

4.33 x lo-’ 

d !3ral0 

en@-aY dAG l 
(kal mol-‘) (kcd mol - ‘) 

- - --- - 

- 

5.9 - 3.9 

- 
0 0 

- 

6.4 - 0.7 
IO.1 - 1.s 
132 -2s 
124 -2.3 
6.1 -0.8 
4.1 -0.5 

- 

Table 6. Nuckophd~c lission of strained saturated hewrucyda“’ 

Ll. (120’) 1 5.4 X lo-. 4.6 x lo-’ 
Swam energy 

(kcnl mol - ‘1 27.3 25.5 5.6 

s 

0 
k,‘(lm”) 0.8 3.7 X 10 ’ 1.2x lo-’ 
Strain energy 19.8 19.6 5.8 

‘Reactions in sodium thiosulpbrttwaler. Vale, for 3- and Crings 
extrrpolatcd from values a~ co 50”. S-Rmgs measurrd at 120’. 
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s--s n-BuSSn-Bu 
33 34 

. 

h>‘M ‘5 ’ 1400 0.31 
E, (kcal mol ‘I IS 142 
AC’ (kd mole ‘1 13.6 IX 1 

Table 8 

35 36 
_ .- ._ _. ._ - - ._ -. . 
p n.uo, I 150 
JAII ’ (kcol mol _ ‘) 2.8 0 

Browns6 has also found moderate sensitivity ( z 50%) to build up of strain in alkylation of amincs. 

Ratesofmcthylation(Mel)of35and36arecomparedinTablc8.Compound39isahomomorphforthe 

methylation product of35and the strain of 5.4 kcal mol ’ would suggest a ratcdepression of IO’ to lo’ 
if fully expressed. The different reactivitics of 37 and 38 support a modest degree ofsteric inference in the 

cavity of 38. In a much more highly oriented system 40. with a much higher dcgrec of strain (22 kcal 

mol- ‘) in the homomorph 41. methylation is not observed.*’ 

IIiib. Intramolecular SN2 reacrions 
Strain energies of simple cyclic systems arc well known from thermochemical measuremehts.‘0.8A 

For this report, the rclcvant question in connection with intramolecular nucleophilic displaemcnts is 
the extent to which these known strain energies arc reflected in the fret energies of activation for 
cyclisation. Intramolecular nucleophilic substitution” is a complex matter; formation of the most 
strained ring systems leads to the greatest deviations from expectation. In formation of 3- and of 5- 
membered rings, 3 : S rate ratios vary over 10’ depending on the nuclcophilc. being << 1 for 0 and N 
nucleophilcs and >> I for carbon and sulphur nucleophiles. 9o The very high strain energies of smaI! 
bridged ring systems do not prevent their (irreversible) formation by intramolecular substitution. 
Highly strained arylsulphonylbicyclobutancs, for example, are readily formed in one-pot reactions 
from P.y-epoxy sulphoncs.” 
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Tahle9. I~~on~utionof~~~bromocerboxyl~ta~n99”,DMS<~-H,O 

Rmg 
SIIC n 

3 I 
4 2 
5 3 
6 4 

7 5 
x 6 
9 7 

IO x 
II 9 
12 10 
13 II 
14 I2 
IS I3 
16 I4 
I8 I6 
23 21 

p 
?.I 

_- 

21.7 
2.4 x IO’ 
2.8 x IO6 
2.6 x IV 

97 3 
1.00 
1.12 
3.35 
8.51 

10.6 
32.2 
41.Y 
45. I 
52.0 
51.2 
60.4 

Att’ 
(kcal mol 

22.0 
17.7 
IS.9 
17.2 
Il.4 
21.8 
20.3 
Il.4 
16.4 
17.6 

15.3 
14.8 
16.1 
l6R 
154 
14.5 

As’ 
‘1 (cal mole’ K ‘) 

- .- 

-2.5 
- 4.9 

5.6 
4.2 

13.6 
- 9.2 

- 13.9 
20s 

-21.9 
- 17.6 

22.5 
23.6 

- 19.5 
Il.0 

- 21.2 
.- 23.R 

Activation paramctcrs for four main types ofsystcm have been determined. Rcfcrences to reviews of 

quantitative work are given by LkTar.” 
Lucfones from o-corboxyhalides. Illuminati. Mandolini and their collaborators9”~b~c have 

studied ring sires from 3 to 23 members (Table 9). 

The very low 3-ring/S-ring rate ratio is notable. For neither carbocycle nor hcterocyclc formation 
doenthalpiesofactivationsuggcst that ringstrainisanimportant factorindeterminingratesofclosure 

(below). In this case, however. the z-lactone formed by cyclisation of o-bromo-propionic acid is 

undoubtedly very highly strained by incorporation within it of an sp2-hybrid&d carbon atom. 
Formation of the 5-ring is fast but the effective molarity is very much lower than for cyclisation of o- 

bromoalkylamines. alkoxides and phcnolates. This is attributed”’ to the imposition, for rings of less 
than nine members, of the &conformation of the ester function, less favourablc than that of the rr~s. 

by 3.8 kcal mol ‘. The AH’ cyclisation I’S ring size plot (Fig. 6) shows a jagged relationship. Not 

surprisingly AH’ 3-ring is high but only CO 8 kcal mol - ’ higher than for the intermolecular analogue 
indicating a modest expression of ring strain in the inhibition of ring closure. Values for the 4,5, and 

6rinp show negligible dependence on ring strain in the product and the AS’ values differ remarkably 
littlc for formation of 3- to 6-membered rings. This information (as other information below) is not 

congruent with the Ruricka’* hypothesis that strain is necessarily an adverse factor in ring formation. 

L..... 1 
3 5 ? 0 II I3 IS I? IY :I 23 

KmF wc 

Fig. 6. linthdpiaofacclvatlon US nngwzz for the formatton oflac~nes. The AM’ value for the cormpondmg 
mtermokular ruaion isalso shown.(Rcproducd with pcrmiuion from ref. Pk. Copyright (1977) Amm’can 

Chemical Soaely.) 
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Table IO. Cyclisatlon of ~halogcnoalkylphcnoxlda 

Ring size 5 6 7 U 9 IO lnwr 
MI/’ (kcal mol‘ ‘1 0.0 2 3 2.1 53 5.3 4.3 I.0 

Ring Y~L II I4 I6 24 
AAll’ (kcal mole’1 3.u 3 2 I.9 0 

0 
I 

Sena <’ 

OY 

O~,w: ,” 

:I 
-;I / b, ref. 9X 

Ol( Ii: l”Hl d 

Ring WE 
MG’ (kcal mol .‘I 

I3 I4 IS I7 
I.40 0.43 0.36 0 

Gem-dimcthyl substitution is well known to accelerate cyclisation but the origins of the effect are 
controversial.” For lactonisation. values of krr, as a function of ring sire (in parentheses) arc:“* (6) 

38.5; (9) 6.62; (IO) 1.13; (I I) 0.61 ; (16) 1.22. These are small ratios by comparison with cyclopropane 
formation and fission (below). The adverse effect on rate of cyclisation to the I I-membered ring is to bc 

attributed to the involvement of extra trans-annular effects. 

Cpclisotion of,/clrsubsriruted aryloxide ions. Cyclisation of phenoxide ions bearing remote leaving 

groups, usually bromide, has also been subjected to detailed and comprchensivc study by the Rome 

group. Their results are given in Table IO. 

Because values are not available effects of strain energy differences in the products formed cannot 
generally be explored. Enthalpies of activation for the 8- and 9-mcmbercd rings compared with the 

strain-free intermolecular counterpart suggest strain energy differences of 34 kcal mol ‘. Accurate 

values of the strain energies of the products are not available for direct comparisons. As maximum 

excessenthalpiesformedium ringcarbocyclesarein thcregionof l&l2 kcalmol-’ thercsultssuggcst a 

rather low, albeit consistent, response to strain energy developing in the transition state. Replacement 

of a methylenc group by oxygen (series B) accelerates reactions, the acceleration being larger for the 

more strained rings. These effects arc to be attributed to the reduction of the principal strain 
components of medium rings, namely, transannular and torsional interactions. 

In the bis-oxygen series (C) rather small differcnccs arc seen in AAG* between medium and large 
ring systems and none in AAG’ after I2 members. Again, direct comparisons of ground state and 

transition state encrgics are not possible. Effects arc in any case small and origins complicated. 

Formation o/ cycloolka~~s. The first quantitative workq9 on formation of cyclopropancs from 

malonates followed synthetic application”’ eighty years later. The results wcrc significant against the 
background of the Ruzicka hypothesis which contained the assumption that strain of a product. so 
evident for cyclopropanes. would bc reflected in an adverse transition state enthalpy. albeit 
compensated by a favourable transition state entropy. Data arc given in Table I I. 

From the point of view ofthe effect ofstrain upon reactivity, thcdata ofTable I I are striking for the 
consistently high rates of cyclopropane and cyclopentane formation and the consistently low rates of 
cyclobutanc and cyclohcxane formation. These data are raw in respect of lack of breakdown between 
cnthalpy and entropy terms. This notwithstanding, it isclear that strain in the product formed dots not 
neassarily prevent a high rate of closure for 3-membered rings. 

Data”’ on closure of w-bromoalkylmalonate ions in DMSO give the first kinetic information on 
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Table I I. Cychsatlon of whaloalkyl carbamons’ 

Scnes 
_ _ 

1 G’ = plolylSO,;G’ = ‘I. 
k,,, b (I-BuOK-I-BuOHt’ 2 - Br 

2G’=Gz.-EtOCO;%-Cl 
li,,,’ tt-HuOK MuOHt’ 
Ir,,,’ (DMSO) 2 = Rr”’ 

3 G’ 7 PhCO;Gz = It 
&,,,‘(F;aOH SO SO v’v 

Dioxan-H,Ot Z = Cl’ 
% - w 

4 G’ 2 G’ = PhSGz.Z : Cl 
k:,:’ (EtONa tirOH)’ 

Rmg WC 
3 4 5 6 7 

I I x 10 4“ 0.01‘ I x IO’ ” 

I I.5 x 10-o 001 8x10 b 
I 1.42 x IO’ I.71 1.5x10 1 

I I# 4.3x lo-’ 
I I* 20x 10.’ 

I 6.7 x IO b 16x10 2 

‘All reactIons mvolvc rare-detenninmg cychunon exwpl scnes 3. 
‘A130. 
‘AI 5.5 
‘Maximum value. 
‘AI 2S 
I Values for larger nngs m Table 12. 
’ Ratedc~ermm~np deprotonanon. 
’ Ref. 99 
‘Ref. 101. 
‘Rcf 102. 
‘Ret 103 
’ Ref 104’. 

intramolecular substitutions relating to all of the categories of small, medium, and large rings (Table 
12). The results for malonates in DMSO are remarkably similar to those obtained”’ for reactions in 

t-BuONa-t-B&H and for bis-sulphones in EtONa-EtOH.“& They show conspicuous lack of 
sensitivity both to the nature of the carbanion-stabililing group and to the medium. The conclusion 

that ring-strain is unimportant in effecting the formation ofsmall rings isconfirmed by the activation 

parameters recently determined for cyclisation of o-halogcno bis-sulphoncs (Table 13).“& 
The activation cnthalpies show that strain is of negligible importance. For the 3-ring the value is 

actually lower than for the Cring but, considering the ring strain encrgics. all of the values arc 

remarkably similar. It is theentropies ofactivation that arc responsible for the very large differences. It 

is to bc concluded that an open-transition state is involved; solvent and leaving group effects are in 

accord with a considerable extent of leaving group separation. 
Lmgerrings. For Cmembercd or bigger rings, the Rome group have shown that in thecyclisation of 

o-bromoalkylmalonates, the value of AH:,,, - AH,‘.,,, (Table 12) can be calculated from values of 

effective molarity and broadly correlate with cycloalkane ring strain values giving a zro intercept and 

slope of 0.45. They conclude that this degree of sensitivity to ring size indicates a close resemblance 

Table 12. Cychsanon of ur-bromoalkylmalonate ions in 
DMSO’O’ 

Rmg SIZX h Ia”.mab‘.LU Is- ‘I 
- -. - - - - - 

4 0.42 
5 6 x 10’ 
6 0.12 
7 6.3 x IO ’ 
8 I.1 x lo-’ 
9 I.2 x IO ’ 

IO I.Ox 10-e 
II 2 I x lo-’ 
12 2.9 x IO-’ 

I3 5.3 x 10.. 
17 2.1 x lo-’ 
21 3.1 x IO- 

AJf,‘,.. -AH,:,,, 
---- 

4.1 
- 0.v 

I.? 
3.1 
4.2 
4.2 
5.6 
5.2 
2.3 
I.9 
I.1 
0.9 
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Table 13. Cyclisatton of tuchloroalkylbls-sulphond 

IttONs EtOH / 
(PhSO,),CH(CH,).CI - - - -- (PhSOl),C 

\ 

CH, 

Rmg SIX L, 

AH’ As’ 
(kcal mol-‘) (cal mol _ ’ K _ ‘) 

- - _. -. - _ -. _ - _ _ 
3 I’ x.5 10 
4 h.7 x IO -* 21.x 
5 I.6 x IO 1 16.3 -II 

: i: a;lon mcchamsm 

‘k-,2 905x10 ‘s ’ 

bctwccn transition state and cyclic product and strain energies ofmedium and large rings turn out to bc 

a valuable predictor of reactivity in their formation. 

Formation oj azacycloalkones. In formation of 3- and of 5-mcmbercci rings, closure of u)- 

bromoalkylamines shows very different patterns of reactivity from thoscencountered in the formation 
ofcycloalkanes. Results aregiven in Table 14. Large values( IO’-10’)for the k,/k, ratios incycloalkane 

formation (Table 12) arc now replaced by small ones (IO ‘-10 ‘). 
In comparison of three- with five-membered ring formation, values of AH ’ arc more positive and 

values of AS’ more negurice for the smaller ring. Again, this is contrary to the Ruzicka hypothesis ; the 

situation is further complicated by the behaviour of the J-ring system (8) which shows a substantially 

greater AH l than either the 347) or q9) ring systems. The 4-ring system also fails to conform in the 
sulphonamidc cyclisations l&12. Solvation is undoubtedly a serious complicating factor for 

activation parameters in these series; in this respect, carbanions (above) provide a more 

straightforward system. 
DeTar and Luthra” have made a detailed quantitative study of halogcn+alkylamine cyclisation. 

Their results, which do not include %rings, arc given in Tables I5 and 16. 

Table 14. Formatton of azacycloalkanaYo 

NO. Substrate k ” ,.I Al! l 

. _ _ _ - _ . - - - - - . . 
I NH.tCH.I.Cr 5.1 19 3 ..; a.‘- 

2 NH (CH ),<:I’ 
3 Ph~H(Ck,),CI’ 

l77i 

4 PhNH(<‘H,),CT t33: 
5 NHJH(PhK’H CJ’ 

NH,CH(Ph)&,),CI’ 
5.5 

6 I680 
‘SO”, dloxan H,O 

1b.j 
19.x 
16.4 
219 
I75 

7 PhNH(CH,),Br’ I 19.4 
R PhNH(CH,),Br’ 0.019 21.7 
9 PhNH((‘Hz),Br’ 9 55 lb.2 

‘W,. litOH Hz0 K,CO, 

A~cycloalkancsulphonam~da 
IO TsNH(CH,),<‘I’ 
I I TsNH(CH,),Cl‘ A.01 
I? T+lH(CHJ,<‘l’ 0.06 

’ NaOEt -EtOH 

As’ 

-IS 
-’ I! 

17 
IS 
7 

- IO 

-II 
-II 
-17 

Table 15. Rmg cknure d ~bromoalkyldirnethylammav~ 

log La log kc., MH:,, m:,, .- - - - -- - -.- -- - - - .- 
Me,!WH,),Br -428 2.98 - 0.26 24. I 
Mc,N(CH,).Br 0.28 6.77 21.2 
Me,N(CHI),Br - I.95 - 1.95 - 5.42 12.8 
Mc,N(CH,),Br -4.77 -4.77 0.28 IS.5 
Me,N + EtBr 4.55 - 4.73 

‘Conditions vary. see origtnal paper. 
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Table 16 Rmg closure of ~:~bromoalkylam~r& “’ 

NO. 

la 
2.a 
3a 
4a 
2b 
2c 
2d 

Substrate 
- - 

tl,N;(Ctl,),Br 
HIN(CH,).Br 

HjNICH,t,Br 
HINK’H,),Br 
ttjNCMc&‘H,),Br 
lt,NCH,CMc,(CH,l,Br 
H,N(CH,t,<‘Me,CH,Br 

log L. 
.- 

- 5.ou 
- 0.06 

2.08 
4.60 
0.24 
2.w 

- OKI 

log kc., 
. - 

4 69 

- 0.43 
- 2.29 
-4.11 

0.43 

2 IS 
0.22 

Am:,, AAS,:,b 
.- _- -. - 

II 67 234 
I .03 205 
I OM I? I 
7 72 14.R 
0.49 23.3 

-3.31 23.3 
1.n9 23.3 

SF 
(rcacr) 

- 

2.13 
2.61 
3.1 I 
3.10 
4.60 
1.22 
6.26 

.30.1s 
23.11 

2390 
31.36 
24.29 

23 II 
21.35 

‘Condlrwns vary. see onginal paper 
‘To EINH, + n-PrBr. 
‘Stenc energy (forcx-ficld dependcnrt 

The earlier experimental findings of slow formation of 4 and 7-rings arc confirmed and the 

substantial effect of gem-dimcthyl substitution -the Thorpe-Ingold effect -in some. compare 2c 

with 2b and 2c. but not all. 2d. systems (Table 16) is observed. 
In the trcatmcnt of these data, values of AH * arc dcrivcd from MM calculations and of AS’ by 

analogy with 6AS values in ringclosurc ofopcn-chain alkancs tocycloalkanes. Correlations fail for the 

Qmcmbercd ring (anomalous in every situation-set elsewhere in this report). In the medium-ring 
series. AG’ for bromo-amine cyclisation, as for lactonisation (above), shows the same peak in the 8- to 

l2-membered ring region. There is large entropic prefcrcnce for the Cring, as against the intermolecular 

analogue. equivalent to 6AG’ of 7 kcal mol- ’ but the 4- rs 5-ring difference of only 0.9 kcal mol. ’ is 

totallyunrelatcdtoringstrainenergydifferenccs.Thcauthorsemphasise that.assuspectcdfromcarlier 

work, product rings arc nor appropriate models of transition states. Formation of small rings is 
insensitive to ring strain. Similar conclusions had also been reached in earlier comparisons of 

cyclisations of c+halogenocarbanions (above). 
Quantitative treatment of theyem-dialkyl cfIect was not successful but it is almost entirely enthalpic 

in origin. The same conclusion was inferred from studies of eliminative ring fission (Section Iliii). 
Cyclisotion oj w-holoUeno-sulphides. Intramolecular nucleophilic attack by two-coordinate 

sulphur in reactions of tuhalogenosulphides again occurs contrary to the Ruzicka hypothesis. The 

results of Table I7 show’““’ that in comparison of 3- with 5-ring formation. 3j5 ratios arc > 1 and 
substantially so when the ring formed bears a phcnyl substitucnt. Enthalpies of activation for 3-ring 

closurearclessncgativc than for 5-ringclosure. butcntropicsofactivation behavcinancrraticmanner. 

The entropic situation is probably complicated by solvation of the developing positive charge; 

enthalpies. as for carbanion cyclisation to give small rings. do not indicate dcvelopmcnt of transition 
state strain. 

It is appropriate to conclude this section with a remark of DcTar’s,‘* “It is clear that in such 

systems (closure of small rings) rate predictions based on classical explanations are of limited value”. 

Iliii. Eliminarion reocfions 

Although this type of reaction generally provides only rather few quantitative instances of the effect 
ofstrain on reactivity, recent work on eliminations from carbanions and oxy-anions has provided some 

direct quantitative connections showing very large effects. 

Tabk 17. FormarIon ofcychc sulphomum sahs’O” 

Substrate k::’ Ring wm Att’ Ass’ 
.._-. _-.. - - . .-- 

pTolylS(CH,),<‘I I 3 11.8 -24 
pTolylSKIi,),CI 0.53 5 19.4 -20 
pTolylSClt,CtiPhCl s400 3 IS.4 -13 
pTolylSK’H,),(‘HPhCI 45 5 17.0 - I9 
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g(s~run energy ) kc-al mole’ 

FIN 7. AG’ changes for the nngupmmg elrminatmn VI the srramtnergy changes of the cycloalkana” 
(changes arc relative to the six-memberal ring) (Reproduced with pcnnrssion from rd 76. Copyright (1977) 

Amencan Chemd !Socicty.) 

Early work on rcgiospccificity in alkcnc-formingcliminations’O’ wascontrovcrsial in rcspcct of the 

importance of polar and stcric effects leading to what arc termed Hofmann or Saytscff orientations. 
Both effects were clearly variable in operation ; small differences in rcgiospccificity often spoke ofsmall 

differences in cnergics of activation, and strain differentials were unquantified. 

E, alkene-forming processes. Dehydration (H,SO,) of 2-alkyladamantan-2-01s gives good 

correlation bctwccn &,,.,. and AAG’.*” The slope of 1 .Ol shows that the effect of the 3-alkyl group is 

directly accountable in terms of(MM)st cncrgy differences. This is not so for the solvolysis of the p- 

nitrobenzoates unless an appropriate lcaving group model is used (Section Ifia). 
Dehydration of simple. strained cycloalkanols shows considerable strain-scnsitivity.‘o* I- 

Methylcyclopentanol is at lcast 10’ times more reactive in the same conditions as I-mcthyl- 

cyclobutanol and crude calculations sugge!st that about 503, of the strain energy difference appears 
in reduction of AH ’ 

E, o/he-/orming reacrions. As mentioned above. very little relevant information is available 

because ofthe lack ofquantification ofstrain differences between ground state and transition state. As a 
spin-off from the Rome group’s work on nucleophilic substitution, in which the clcctrophile is a 

strained cyclic ‘onium salt, information on en&+” nucleophilic eliminative ring fission is available76 

(Table 5). 

The relationship between reactivity and strain energy for cycle-alkancs is shown in Fig. 7. EtTccts 
are not large ; the largest rate ratio of 136 is observed for g- L’S 5-membered rings. The slope of the plot of 

Eig. 7 suggests that about 20”/, of strain energy is cxprcsscd in AAG ’ The S-ring deviates markedly 

from the general trend undergoing endo-climination 1.7 times more slow/p than its less strained 6-ring 
analoguc. This is clearly due to the overshadowing of the (rather insensitively exprcsscd) strain 

difference by the stcreoclectronic demands of the anti-pcriplanar transition state. 

E,cB recurions. Rcant work on alkene-forming eliminations has concentrated upon the effect of 
strain with particular reference to nuclcofugality. 

In carbanion forming eliminations of the type : 

42 43 44 

elimination of a wide variety of leaving groups, 2, from the carbanion 43 has been obscrvcdLo7 and it 
has been demonstrated that expulsion of the leaving group (k,) is rate-determining. 

By quantifying the effect of the leaving group on the precquilibrium 

42 5 43 
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relative values of k, have been obtained. Values of Alog k2 arc termed ranks and are equivalent to 
nucleofugality. the tcndcncyforlcavinggroupdeparture. It hasbccnstresscd”’ that thescvalucs,asfor 
similar values obtained by similar treatment of data from 1,3_cyclopropane-forming eliminationslOn 

are not universal propcrtics of groups; their magnitudes are reaction dependent. Values of ranks for 
lcaving groups in 1,2-alkenc forming (system 45) and 1.3-cyclopropanc forming (system 46) 
eliminations arc in Table lg. 

45 46 

Table 18. Ranks’ for Groups 2. in elimmation 
reaclions’O’.‘O’ 

Z Rank I. 2 Rank I. 3 
- - -- - _- - - - 

OTs * 104 

Br .’ 11.3 
cl . 9.9 

PhSO, 8.7 3.5 
PhS 8.7 0.4 
PhO 8.9 - 1.4 

CMc,NO, 2.6 
<‘MdSO,El), - 2.9 

‘log k,- logk,+ll. 
‘(E,cBJ, or E, mcchamsm followed and 

therefore inappropriare for ranking. 

Discussion of the magnitudes of these ranks lies outside the scope of this report, but particularly 

relevant for what follows arc the ranks for the mcthoxy-group and the carbon leaving groups for which 
quantitative data on nucleofugality are available. Mcasurcment of the cffact of straining the bond 

connecting the lcaving group in sclectcd systems has been achieved lo9 by incorporating the leaving 

group in a small ring of known strain energy (excess enthalpy). The first expcrimcnts were with the 
methoxy compound 47 and its ring-incorporated analogucs 48”’ Results are given in Table 19. 

It can be Seen that incorporation of the leaving group in a three-membered ring accelerates 

elimination more than two million fold. Unfortunately. this degree ofaccclcration cannot bc related to 
the degree of strain cngendcred in the leaving group connection ; the mechanism of reaction is changed 

8 n-0 b n-2 c n-3 

Table 19. Elimmatwe nng f&on of oxacyclcs’ ” 

Stram 
Subslralc k a* Mechanism G,, Rank’ mwy 

- _.. - - - - -. - .- -. - 

47 7.5 X lo-’ (E,cB), ’ 6.1 

ah 185 (Ed 2.5 - 27.3 
48b 1.39 x lo-’ (E,cBh 0.95 1.4 5.6 

4Ec 2.0 x 10-J (E,cB), ‘ 7.5 1.2 

‘M-’ 5-l; reactions in NaOEt EIOH at 25’. 

‘log k,, log k,-,.. + I I talc for Er=Ph ; see origmal paper. 

‘k, D exchange 2, k,. 
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Table 20. Elimmattve nng fwton of cycloalkylmethyl sulphoncs 

Substralc 
- -. - - 

51 

52 

53 

so,Ph 

2 
PhSO, 

54 

*. . Phmk SS 
2 

*. 
2 

-. ,zl s6 
* 

Ye 

I 
W~SO,)CHCH(SO,EI), 59 

._ 
k,, 

__ - 

0.4 

510 

I 

4.0 

83x10 ’ 

1.7 * 10 ’ 

2.5 x 10 1 

DMSO 

PK. 
Me<‘HR<i 

.- 

326 

23.0 

31.1 

25.4 

32.6 

31 I 

14 

- 

Lcanng 
group rank’ 

- - 

x.4 

109 

8.X 

8.X 

4.9 

4.3 

- 2.9 

All” 
- 

24 4 

17 

17.7 

179 

31.37 

29.4 

As” 

I? 

0 

- IO 

-6 

17 

9’ 

Rd. 
- - 

lll.ll2 

lll.ll2 

111.112 

Ill.112 

II3 

113 

III 

l Rurctlons m Na0F.r -EtOH al 2S 
’ Sa Table 18 
‘ Value not avadablc. 
‘Values coned those in the onlpnal refercna 
‘kcalmol ‘. 
‘cal K ’ mol-‘. 

by strain. Expulsion of the strained leaving group is so much accelerated that it is no longer the rate- 

determining step of the reaction. The primary dcuterium isotope effect shows that lcaving group loss is 
(probably)concerted with deprotonation. Consequently no rank valuecan be cxtractcd from the data. 

When the ring size is 5, the degree of strain is small and acceleration over the open chain substrate 47 is 
correspondingly small. For both S- and 6-ring systems. the mechanism involves. as for the open-chain 

system, rate-determining lcavinggroup expulsion (I&, = I). The small rate effects seen in the S- and 6- 
ringsystcmsarcnot solclyduc tostrain; thclcssstrained6-ringsystem isactuallyslightlymorcrcactivc 
than the S-ring system. 

Table I8 shows that carbon leavinggroups have very low ranks in alkenc-formingeliminationsand. 
in particular, substantially lower ranks than for example, methoxy. Incorporation of the carbon- 
carbon leaving group connection in a strained ring again oflcrs a system for the direct examination of 
strain of nucleofugality. Substrates of general structure 49 have been compared with the open-chain 
analoguc 50. The results arc given in Table 20. 

The open-chain substrate is not a perfect match for the strained cyclic systems; the leaving group is 
doubly stabilized and the system is doubly activated in order lo obtain a measurable elimination rate. 
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c G 

EtO-IEtOH 
c 

MQ 

I 
(MQX),)$fi*CH&(%,Et), 

EtO-/EtOH 
- wQso,hC- -CH* + YcC-(S&Et)1 

50 

The bases of comparison are outlined in the original publications;“‘~“’ the simplest is with rank 
values. For cycloalkancs, the problem of change of mechanism bctwecn strained and unstrained 
systems dots not generally arise. All reactions follow the (ElcBh, mechanism with loss of the leaving 
group in the ratc-detcrmining step; primary kinetic deuterium isotope effects arc close to unity. 

The rank values for 5Oand 53show a difference of 1 I .? log units directly attributable to effect of the 
strain of the cyclopropane ring in lowering the energy of activation for ring fission. 

The rank of the nitronate leaving group, -CMe,N02, has also been obtained”” using, as before, 
phenyisulphonylactivation insubstrate57.Comparisonofreactivityofthisopcnchainsystcm with the 

57 Slh K-tt 
Sib K-US 

strained analogues (58) is potentially capable of giving further quantitative evidence on the cffcct of 
strain on nucleofugality. Table 21 shows that incorporation of the leaving group in a cyclopropanc 
produces accelerations of cc 4 x 10” ; unfortunately, for substrates !%a and Sb, the rank values show 
that in thcsc casts deprotonation is slower than elimination and that the reactions are (probably) 
concerted. Direct evaluation of the effect of strain is not. therefore, possible. 

The questions then arise: 

fi) How much is release of the strain of the ring expressed in acceleration of elimination? 
(ii) What is the nature of the transition state for the process? 

(iii) What is the comparison with other strained ring systems, notably cyclobutanes? 
(iv) How do the derived values compare with other reactions? 

Relvareofstrainandtrunsitionstatesttucturu.Theacctlerationof IO”-‘forcyclopropane53(Table 
20) corresponds to a reduction in free energy ofactivation ofabout 16 kcal mol. ’ or about 60”/, of the 
strain energy ( s to exce.ss enthalpy of the ring). The effect of phenyl substitution 54 on the (strained) 
leaving group is very striking; notwithstanding the fact that the derived carbanion is stabilised by > 5 
pK, units, none of this stabihsation is reflected in an increased rate of ring cleavage. The activation 

‘I’able21.S1rntncdrnd unstramd nltronate 
lervrng groups”‘ 

Subsrrale L* Rank.’ 
.-_. - - 

58Q 61.7 - + 12.2 
Sb 5.3 + 11.5 
n 1.5 x 10 * + 2.6 

‘Ru)ctmns m NaOiir EIOH al 25 : 
M“S ‘. 

*log k, loti &m..m. + 11. 
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enthalpiesforsubstrates53and54arcrcmarkablysimilar.Thiscvidenccsuggestsaverysmalldegrceof 

ring fission in the transition state and that strain in a 3-membered ring decreases very sensitively with 

extension of a ring bond. The cyclopropanenitriles 51 and 52 show a different situation. The cyano- 

group is less elfcctivc than the phenylsulphonyl group in carbanion stabilisation; the leaving group 

rank for 51 is lower than that for 53. Ring fission is more advanced in the transition state for the nitrile 51 
thanforsulphone53;AH’ and AS’ arebothmorcpositive.Thisevidenceisconsistent with thegrcater 
mcsomeric component of stabilisation by cyano than by sulphonyl groups.“’ A greater dcgrec of 

charge transfer IO the leaving group is rcquircd to bcncfit from cyano-stabilisation. Insertion of a 
phcnyl group, as in cyclopropane 52. products a huge incrcasc in rate which is accounted for by the 

much greater cffcct ofa phenyl group in additionally stabilisingcyano-stabiliscd rather than sulphonyl- 

stabilised carbanions.“’ The acceleration caused by both ring strain and leaving group stabilisation 

makes loss of leaving group competitive with (or concerted with) deprotonation and the mcxhanism is 

uncertain. 

Cornprison with cyclohutanes. It was an obviouscxtension of this work to examine four-membered 
rings with thcsamc substitution pattern.’ ” Results are in Table 20. Unfortunately. results for a-phcnyl 

substituted substrates to calibrate transition-state structures, are not available because of synthetic 

difficulties. Comparison ofcyclobutancs55and 56 with 51 and 52show remarkably large 3-ringi4-ring 

ratios of 4840 and 57.600 respectively. The strain energy ditfercnce between cyclopropanc and 
cyclobutanc is I .4 kcal mol ’ and, if expressed to the same extent as for cyclopropanc fission. would 

give a rate ratio of around 6. The large rank differences of 3.5 and 4.5 rcspectivcly. speak of a different 

mode of strain release in the two systems. A simple calculation of ring strain as a function of bond 
extension to the strain-free open-chain structure for cyclopropanc and cyclobutane respectively gives 

the plots of Fig. 8. 

The differences bctwecn the two systems are accounted for by their different components of strain. 

Incyclopropane,75”/,oftheexccsscnthalpyistobeattrihuted tovalcncedcformation(anglc)strainand 

25% to torsional strain. For cyclobutane. on the other hand, the contribution of l.3-non-bonded 
interaction amounts to co soo/ of the total, the remainder being contributed, as for cyclopropanc. by 

valence deformation and torsional strain.“.“’ It can be seen from Fig. 8 that except for very small 

bond extensions, the strain released for a given bond extension is less for cyclohutane than for 

cyclopropane. If the assumption is made that the sum4 degree of bond extension to the leaving group is 
prexnt in the transition states for fission of both systems, the rate ratio is reproduced with a degree of 

precision which is surprising when the simplicity of the calculations and the assumptions made are 

borne in mind. 

Fig. 8 EKCS enrhalpy as a function of bond extension for : m. cyclohutaac; A. cyclopropane 
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Table 22. NuckopWK: chmtna~~vc cleavage of ycmduncrhyl 3-rmg 
syswms’ ” 

Subslrale k * _b k,* Ail” AS*’ 
.- - .-_. .-. .- 

4& G - EISO, IRS’ *.5x ,()-;: - ‘-. 

X - 0. R -- tf 
59 <; = EISO, 184 1.1x10 ’ 

X-O.R-Me 
53 <i - Ph.%), 4.8x10 ” g.sx10-” I7 7’ - IW 

X - CHSO,Ph 
R -- ll~rruns~ 

60 G 7 PhSO, 2.4 x 10 ’ 3.8 x 10 ’ 25.5 + I5 
X - <‘HSO,Ph 
R Me(w) 

61 G - PhSO, 2.7 x IO ’ 3.8 x lo- ’ 22.8 +7 
X - (‘tlSOIPh 
R - IbIdfranc) 

’ Rcaalons In FtONa EIOH 
‘UrnIs y M ’ s ’ ar 25. 
’ I!nirs = kcal mol - ‘. 
‘cal mol ’ K-’ 
’ Value from rd. I IO. 
’ Value from rcf 1 I 1. 
’ Value from ref. I I?. 

Theseobservationspin-point thedifhcultyofgeneralisingabout theimpact ofstraindifferentialson 
reactivity even in very closely related systems. The problem is heightened by comparisons of reactivity 

in eliminations from oxy-anions (below). 

Comparison of these results for hetcrolytic bond cleavage with those of homolytic cleavage is 

appropriate. Ruchardt and his collaborators”“~“‘b (Saction Ilvi) have compared free energies of 

activation for alkanc homolysis with strain cncrgies calculated by MM procedures. The slopes of the 
plots, when strain in the radicals is taken into account, indicate that S&90’?? of the strain energy is 

exprc~inreductionofAG’.Thissensitivityisgreatcrthanfornucleophiliceliminativcringfissionof 

cyclopropancs and is in contrast with results for S, reactions on strained rings. 
Thu gem-dimerhpl eflecr. This effect has been discussed in !%ction llii dealing with intramolecular 

nucleophilic substitution. The origins of the rate effects are controversial ; recent work in the reporter’s 

group has yicldcd quantitative results on its effect on ring cleavage. The systems of Table 20 lend 
themsclvcs to modification with regard to the examination of structural effects on eliminative fission. 

WC have examined cleavage of the three-membered rings. The results arc given in Table 22. 
For the epoxides 4& and 59, yemdimcthyl substitution has a ncgligiblc cffcct on k,, whose values 

arcinanyevent wellinexccssofthecalculatcddcprotonationrateconstants.Thisindicatcsaconcerted 

mechanism, which appears, surprisingly, to be unaffected by gemdimcthyl substitution. 

Forcyclopropancs!53,60and61,valucsofk,,~ arc closely similar. A gem-dimcthyl effect is, however, 

apparent; the cnthalpies of activation for cyclopropanes 60 and 61 arc markedly grcatcr than for 53. 
implying a dccrcase in the strain contribution to acceleration ofclimination. The diffcrenccs of s8 kcal 

mol ’ arc not cxpresscd in the ratediffcrcntials because ofcompcnsation by more favourablc entropy 

terms; were they to be fully expressed. k,, values would be smaller by factors of 10 ’ to IO ‘. These 

factors corrcspond broadly to the acceleration of ring closure by yem-dimethyl substitution discussed 
earlier. In ring cleavage. therefore. a rerro-Thorpe-lngold effect operates. 

E I union reactions : carhonpl-forming eliminative ringfission of oxy-anions. Retro-aldol reactions 

usually proceed by sluggish approach to equilibrium whose position is extremely depcndcnt on the 
structure of both carbanion and carbonyl components : 

0-CR,-R, + O=CRI + R,. 

In thcfotward direction, the reaction iscarbonyl-formingclimination ofa carbon leavinggroup. By 

comparison with all other processes, carbonyl-forming elimination is insensitive to leaving group 
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structure. This permits observation of the reaction in a wide range of structural situations. When the 

leaving groupconnection is strained by incorporation into a small ring, carbonyl forming elimination 

becomes rapid. Cyclopropanols have long been known to be unstable to bases :‘y~“9 and homocubyl 

h t,B 

alcohols, e.g. 62, rapidly undergo climinativc ring fission in base.“0 It is not possible to obtain a direct 

evaluation of the role of strain in this reaction; the unstrained version- elimination of an ethyl 

carbanion-is not observable. Clearly the effect of strain is enormous. There is a mechanistic com- 

plication ; Thibblin and Jencks ’ ” have shown that for the phenylcyclopropanol63. ring opening is 

a K’=Ph. IF-M 

b I(‘=)!. R’=\Ph 

C R’=ti 

d R’-SPh 

62 63 64 65 

subject to cnforccd acid catalysis. This implies that ring opening and attachment of the proton to the 

leaving group are concerted. Rates of ring cleavage of cyclobutanols 64 and 65 have been compared 

with the analogous cyclopropanols.‘z’ Results arc given in Table 23. 

Clearly the main difference between thecyclopropanolsand thecyclobutanolsis in the impact ofthe 
respective and nearly identical ring strain energies upon the activation energy for ring fission. The 

explanations developed for the differentials seen above in cyclobutylmethyl anion cleavage cannot 

apply here. The factors are much too large. Either the transition states for ring cleavage are very 

different or there is an effect peculiar to cyclobutanes which inhibits ring opening. The latter 
explanation is preferred; it is tentatively postulated that a transannular interaction involving partial 

bonding betweenc, and C,ofthecyclobutaneringisengendered by the relatively highelectrondensity 
at C, in the anion. This is highly speculative and both calculations and experimental work arc in 

progress with a view to understanding these very large effects better. 

In connection with eliminative fission of cyclobutanols, the reaction has received considerable 
attention from synthetic chemists and their slow fission has been remarked upon.’ ” Bicyclic alcohols 

66 undergo fission as a function of the totality of strain: 

66 67 

Tabk 23. Rmg ckavrgc of cydoalkanols”’ 

Subaaratc b: Subtntc ,,, k 
.-- - - - - .-. - -. 

63a 63) 110 
64c 2.6 x 

:O 
lo, 644 1.4x lo-’ 

65 7.8 x 10 ‘01 

‘Rcac~ons at 25” in aquax~ M NaOH. 
’ Values by cxtrapolarion from runr at 180’ 
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ktg. 9. c’orrelanon of log L vs AE, (ketone ROH). Slope -0.34. lnteroept 0.89. r - 0.9717 (0 excluded). 
(Reproduced wth pcrmasmn from Ilrlwr~c-a Chtmtco Acre.) 

with n = 6 and n = 7 the reactions are 6 kcal mol _ ’ endothermic and thermoneutral. respectively. and 
fission does not occur. For n = 8-12 reactions arc exothermic by 5-9 kcal mol ’ and give the 

monocyclic systems 67.’ ” 
O.ltida~icecarhonyl-forminyelimi~tionincyclics~srems. Synthesisofcyclic ketones bychromicacid 

oxidation ofcyclic secondary alcohols has been studied with respect to strain by Mullcr.‘“~’ *- Rates of 

oxidation of bi- and polycyclic secondary alcohols correlate with strain energy differences (from the 
Allinger MM I programmc) between alcohol and ketone. Correlationsare obtained whether or not OH 

is simulated by Me in the strain energy calculations (Fig. 9). Reactivities span 10’ and the correlation 

demonstrates that there is a high degree of cleavage to the chromate leaving group and that the 
carbonyl group is a good transition state model. The slope of the AH’ vs AI&,, plot is 0.47 showing 

thatcalculationsonasimplesp’-sp’modeloverestimatethestrainenergychangebttweengroundand 

transition state. Correlation of AGol,d.,,,,,, with the calculated (MM) strain energy differences between 

R,C=Oand R,CH-Megivesaslopeof 1.2. WhenthcOHgroupitselfisusedincalculationstheslope 

is 0.8 showing that the calculations with OH arc not ideally accurate.“’ 
Surprisingly, in this connection, cyclobutanol is oxidized by Cr(lV) slightly faster than 

cyclohexanol. *I’) It would be expected that incorporation of an sp2 hybrid&d carbon atom in an 

already strained ring would militate against ready oxidation. It turns out that from thermochemical 

measurements cyclobutanol is actually slightly more strained than cyclobutanone. 

Iliv. Addition5 ro alkenes and al&yes 

There has been remarkably little correlation between the reactivity of alkencs and their degree of 
strain. On the one hand, the strain energies of a wide variety of (especially) bridgehead alkcnes have 

been calculated by the MM I programmc “and are known from thcrmochcmical measurements.” On 

thcother hand many kinetic studies have been made ofalkeneand alkync reactivity. It is not altogether 

clear therefore why so little connection has been made between the two collections of data. 
The most familiar types of strained alkencs are those in which the carbon carbon double bond is 

constrained within a small ring or is of the E configuration within a medium ring. 

Hydration of simple alkenes shows’ob negligible response IO strain ; relative rates of hydration of 

2-methylpropene. I-methylcyclopentene, I-methylcyclobutenc. and methylenecyclobutene are 

1 : 2.29 : 0.2 : 0.6. The difference in strain energy between cyclopentcne and cyclobutene is about 20 kcal 

mol ‘. The clear conclusion is that littlcchangc in alkcne structure has occurred at the transition state 
and no appreciable covalent bonding of the water molecule has occurred. 

Particularly familiar amongst strained medium ring alkcnes are “Bredt” alkcncs in which the 

double bond isat a bridgehead. Their chemistry has been reviewed ‘2s~129and they have been shown to 

undergo a variety of reactions not observed for their unstrained counterparts. The observations are 
qualitative; connections between strain and reactivity have. in general. not been made. 

Electrophilic additions which permit rearrangement with relief of strain resulting in a strongly 
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Tabk 24. Iiydrsrwn’olcyclic dlena m rclarlon to rhetr swam 
cncrgxs 

Stram 

Rcnc k WI efwzy’ All’ .,&.II 
__--------- 

0 200 0.8 

/ 0 -X00 - 1.2 16.5 
\ 

/ 0 4 I .4 

\ 

/ 0 I 38 I90 

\ 

’ I .OS M H$O,-H ,0 at 80” 
‘Calculated from rd I33 
‘kcal mole’. 

exothetmic reaction, have been referred to.’ Recent work on clectrophilic additions of sulphenyl 

halides to alkenes shows that norbornene derivatives are more reactive than unstrained alkenes but the 

rate ratios are not large. Norbornenc is almost one hundred times more reactive than cyclohexenc.“O 

The alkcne-alkanc strain energy difference “I for norbomenc is 5.72 kcal mol ’ while that for 
cyclohcxene isO. kcal mol- ‘, so the response to straineven if this were the sole factor in reactivity. is 

about So^/,. 

Electrophilic hydration of cyclic 1,3-diencs actually shows l” inverse correlation with strain 

energy “’ (Table 24). the slope of the plot of log k,,, us strain energy is - 0.9. The factor detctmining 

reactivity in these systems is the ground state conjugative stabilisation. This is absent”’ in 

cyclohcxadicne. Ry comparison with an S, I dissociative process involving nearly complete conversion 
of sp’ to sp* hybridisation, addition to alkcnes is expected to be rather insensitive to strain elements 

because two sp’ hybrid&d atoms in the ground state go to one sp’ hybrid&d and one partly sp’ 

hybridised atoms in the transition state. 
Results on nucleophilic addition are likewise qualitative and most evidence comes from 

intramolecular processes. The eliminative ring fission79 68 # 69 has been shown”’ to be reversible; 

68 69 

r,,.r for equilibration. when R = H, is 30 hr at 27”. This is. prima fclcie. a doubly surprising result; 
unactivatcd nuclcophilic addition to a non-polar&d alkenc is an unfavourablc process and a highly 
strained cyclopropane ring is formed. Formation of a highly strained product has been seen to be of 
little significance in connection with rates of cyclisation by intramolecular nucleophilic substitution 
(Section Iliib) and addition of nucleophiles to unpolarised alkenes is seen below in strain-favoured 
situations. The equilibrium 68 # 69 is easily perturbed; when R = H, the equilibrium favours 69 
essentially exclusively. With R = Ph. 68 is stable in THF but opens to 69 on addition of ether to the 
solution. 

Interesting work by Ganter” has shown that addition of the hydroxyl group of 70 to the 
carbonarbon double bond is enforced by strain to give 71 with the expected regiospecificity. The 
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OH 

7% h’c 

’ \ 
70 

72 

other regioisomcr is proven to be stable in the reaction conditions. Deuterium labelling cxperimcnts 
and reactions with 72 show 72 to lie on the pathway between 7Oand 71. A very similar system showing 

strong hydrogen bonding between the hydroxyl group and the carbon-carbon double bond has been 

described by Grob. “’ In neither investigation, however, were strain cnergics known. 

Intramolecular addition ofphenolic hydroxyl to an unactivated alkenc has been reported by Evans 

and Kirby, .I” 73 gives 74 probably by enforced acid catalysis.“* 

73 74 

Similarly, Kirby and Logan “’ have demonstrated strain-enforced reversal 75 4 76 of Hofmann-type 
elimination of an ‘onium group, a system closely related to others recently reported.‘*0.‘4’ 

7s 76 

No direct strain-reactivity correlations in these interesting reactions are possible. 
Cycle-cddirions. Again, in all cases, accurate connection between reactivity and strain is impossible, 

but a scatter of numerical values gives some impression of strain effects. 
Reactivities of the bicycloalkanes 77 and 78 with dicyanoacetylene are indicated in Scheme 2.“’ 
It could be very roughly estimated that k,,, is 10’. AAG’ is 7 kcal mol- ’ or W(,expression ofstrain 

energy difference. The very small solvent effect suggests that diradicals may bc involved. 
The very high reactivities of cycloalkynes, including benzyne have been extensively described.“’ 

but relationships between reactivity and strain have not been quantitatively examined. Reactivity of 
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78 

NC--C=C-CN 

200 
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e 
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scheme 2. 

cycloalkynes increases rapidly as ring size is reduced ; c, ,2 values are roughly days at 25“ for Ca, 1 hr at 
- 75” for C, and seconds at - I IO” for Cb. 

Krebs and Kimling’” have examined the reactivity of cycloalkynes 79 and %o. 

79 8h R-tt 

Wb ~-MC 

79 is stable at 140” whereas for 801, r L/1 in 0.016 M solution in CHJlI is < 60s at - 25”. Remarkably, 
for IIOb. t ,,z for a 0.2 M solution in Ccl, at 25” is 1 day, and %ob dimerises 10’ times more slowly than 
@ka, corresponding to an activation energy difference of 10-l 1 kcal mol - ‘. Presumably, this is another 
manifestation of gemdimethyl stabilisation of cyclic systems noted earlier in Sections lliib and Iliii. 

Huisgcn’4s has correlated rates of 1.3dipolar addition of phenylazide to alkenes with the infrared 
stretching frequencies of the carbonerbon double bonds. The norbornene:cyclohexene ratio of 
5700 is very much larger than for sulphenyl halide additions(above). If the alkenes are compared on the 
basis of their alkene less alkane strain energy differences, the bA strain energy value is 4.86 kcal mol- ’ 
and the reactivity response to strain differential is very high. Huisgen and his co-workers’46 have also 
compared reactivities of norbomene and cyclohcxene in reactions with phenylisocyanatc and 
diazomethane. Similar ratios of 6100 and 5400 were found. 

Reactivities of cycloalkenes towards dipolarophiles 81 and 82 have also been compared”’ (Table 
25). 

81 82 
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Tabk 25. Reactivltm of cydoalkenes towards dipolarophdes 

Alkene 6 Slram’ p(81) h’ (82) 
- - .- - _- .- - - _ __ _ 

-0.15 

p 

/ -0.51 

-8.91 

1.2 

3150 

5.1 

2280 

23aI 

1.27 

11.700 

II3 

5370 

‘Strain energy dillerena between cydollkme and 
cydoalkane; n.b. values vary somewhat with soum (below). 
peral conclusions arc unaJTected (kml mol‘ ‘). 

‘IVIM ‘s-1 at 25 ’ in CU.. 

Since the relationship between logk and b strain is not rectilinear the reactivity differencescan only 
be attributed in part to strain rclcascd in the transition state. The authors estimate that 2749”/, of 
AAG’ is due to strain release; the remainder may be due to what is termed “non-equivalent orbital 
extension”. 

Brcdt alkcncs have been shown”’ to be highly reactive in 2+2 cycloadditions with alkene 83. 
Typically, 84 reacts in 30 hr at 80”, norbomene requires 3 days at 120“ and I-methyl-ciscyclo-octene. 
I5 days at 150”. The olefinic strain energy for norbomene is 5.72 kcal mol-’ ‘” while that for 84 is 
15.2 kcal mol - ‘.26 A crude calculation suggests a rate ratio of 100 so olcfinic strain is only inscnsi- 
tively cxpresscd. 

Table 26. AdLoons d PhN, IO alkena 

L 
Strain relieved 

on hydrogcaatlon 
(kcal mol-‘1 

0.005 0.23 I IO1 580 

- 0.9 13 -0.3 9.6 26 
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Fig IO Rdstwc rates (k,,!k,) ddicthylsluminium hydride addition at 78’ (0). hexachlorocyclopcntad~ 
addltton at 78’ (CL and dlimldc reductton ( x ) at 80” ofcusycloalkcna as a function of nnp, we. n 4 stram 

(alkcntalkane) kcal mol ’ (0). 

Aue and Hclwig’49*1 ” estimate that in additions of phenylazide to alkenes about 2&25’4 ofstrain 

is released at the transition state. Results are given in Table 26; terminal alkenes are evidently 

inherently less reactive. 
Addition of hexachlorocyclopentadicne to ciscycloalkenesL5’ shows 70-fold rate variation from 

C, to Cl, (Fig. IO). In this plot of reactivity versus ring sire. the olefinic strain energy is superimposed 

and it is clear that no simple relationship exists between the two sets of data. 

4-Cenrre reactions. In di-imide reductions of alkenes.‘5z k,,, values (Fig. IO) again do nor follow 

either the ground-state strain energies of the cycloalkenes or the differences between reactant and 

product strains. It is suggested that the transition state is early and that n-bond orders are still large; 

small parallel deflections are envisaged. The high reactivities of norbornene and cyclopentene are due 
to the relief. in the transition state, of valence angle distortion and torsion in the vicinity of the 

carbon+arbon double bond. Smaller effects are seen in the additions of Et,AIH to cis-cycloalkenes 
(Fig. IO).“” 

Complex-/ormotion. Cyclopropene forms an argentic complex with a formation constant, roughly 
IO” times that ofcyclopentcne,corresponding to a AAG” value of I I kcal mol- ‘.I” This indicates that 

2~30”/,ofthcstraincnergyisexpresscd.Thcdeformationofthcn-orbitalenhanccscomplexformation 

and, with smaller energies involved, the same effect is seen in argenticcomplexation of the C,. C, and C, 
cycloalkenes (Table 27)” 

Again, the AAH’ versus strain response is about WA. This is clearly not a general phenomenon, 

however. Bach and Richter”” have shown a lack of general correlation between rates of 

oxymercuration and equilibrium constants for argentic complex formation on the one hand and strain 
energies of alkenes or even alkencalkane strajn energy differences on the other (Table 28). 

It is clear that rclicf of strain in the rate determining step is not appreciable. Steric hindrance is a 
major factor asdcmonstrated by the low formationconstants ofcomplexes with I-methylcyclohexene 

and tranr-l,2di-t-butylethenc. 

Tahle 27. Formation of argcntlc compkxa of cycloalken~ 

A Ring A Strain’ 
Cycloalkene MO’ strain. alkmtalkanc 

_ - - -- ---- 

c, - 7.03 4.e I .4” 
C6 - 5.58 w v,” 
CT -6.61 4.1’S 1.55’~’ 

‘kal mol. ’ at 25” 
’ Relative to cydohcxene. 
‘ Calc from huts of rorrnauon. 
‘Alkcne alkane nrain energy d&rcnoz 
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Table 28. Oxymcrcuration and argentlc cumpkr formation In alkcna 

Alkcnc 
------ 

Korbornadicne 
rrw-Cyclo+clene 
Norbomcne 
I-Methylcyclohcrcne 
Cyclohercnc 
Cyclobwnc 
rION-1.2-I~-l-bulyle0xnc 

Blcydo[2.2,2 ]octme 
cuCyclo-ocrme 
tic-C)I-t-butylethcnc 

HgZ’ 
h I.0 

- .-. - 

27.0 
10.1 
4.5 
2.2 
I.0 
0.40 

0.030 
0.004 

A8’ 
k I.1 

-- 

R.5 
7300 

I3 
0.07 
I.0 
0.76 
0.026 
I.1 
3.04 
I.0 

Cycloalkcnc 
strain encrgf 

.- - - - 

31.59 
17.85 
23.62 

2.68 
I.61 

2R 
6.01 

IS.99 
881 

16.37 

A stram 
(alktntalkanc)’ 

-- - - 

7.91 
6.33 
5.72 

0.86 
2 

-0.54 
4.30 

-2.71 
9.82 

‘kcal mole’ 

Ilv. AC and related rewriom 

AC reocrions. There is an enormous literature in this ticld with very many kinetic studies. Reactions 

arc often mechanistically complex and identification of structural effects on rate determining steps is 

not always possible. Again, notwithstanding the large amount of quantitative work, connections of 
reactivity with strain have been sparse 

Ester hydrolysis and related reacrions. The fact that the hydrolysis rate ofmaleic anhydride is about 
10 times that of succinic anhydridc has been attributed”’ to strain differentials. Such a small effect is 
undoubtedly complicated by electronic factors and the effect of the carbon-carbon double bond is 
unquantified. 

Eberson ’ ” hasshown that hydrolysisratesoffused S-ringanhydrides vary over lO’.‘according to 
the sVe of the fused ring and the configuration of the ring junction. No clear relationship with strain 

energies is apparent. 

In amide hydrolysis, very substantial neighbouring group effects have been ~bserved”~ but 
quantitative correlations with experimental or calculated strain differentials are not possible. A more 

direct comparison emerges from interesting work of Blackburn’s”‘“’ group in which the lactam 85 

cxk 0 n i Cl 
Ph 

85 86 

reacts 10’ times more rapidly than the unstrained analogue 86. In this case, the-strain energy”can be 

equated with a loss of resonance energy, amounting to 17 kcal mol- ‘, in the amide function. This loss 
arises from the enforced uncoupling of the p-n interaction. The acceleration corresponds to a MC l of 

about 10 kcal mol - ’ which implies that slightly more than half of the strain energy is relieved at the 

transition state of hydrolysis. 
Page and his group1606 have demonstrated the unimportance of strain in acceleration of the 

alkaline hydrolysis of p-lactams; they conclude that the rate-limiting step involves little or no ring 

fission. 
For alkaline hydrolysis of simple lactones’6’ with 4- to ‘I-mcmbercd rings, the rate order is 6 > 4 

> 5 > 7 > open chain, with rates spanning IO’,‘. The &lactone has the hiyhesr AH’ value and clearly 
there is not a direct connection between ring-strain and reactivity. The rate determining step, however, 
is addition to the carbonyl group and hence relief of ring strain by ring cleavage should have 
insignificant effects on activation energies. Clearly, bending at the intracyclic C-l angle, change in 
torsional strain, and loss of resonance energy contribute in different respects according to the lactone. 
but the differentials are so far unquantified. 

In polymcrisation of spiroanhydrosulphites (87),162 rates follow the order of ring size 4 > 7 > 5 

(‘0-O n/ 
((‘II, m c I 

-‘b-so 
87 
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0 I 2 3 4 5 6 

A ster~c encqy (tul ml-‘) 

Fig I I. L.mcar fra energy correlation d 15.,( = log L,,,) for acxicatalyzal hydrolysis of aen os ASE ( = stcnc 
energy for ortho aad-aenc energy for acid). The numbers correspond IO Taf~‘s tabk (rd. 166). (Rcproduc4 

wth pcrmlssion from rd. 165 Copyright (1976) American Chermcal Soclely.) 

> 6. Values of E, are 4, 17.5; 5-, 28.5; 6, 32.6; and 7-. 28.7 kcal mol ‘, respectively. for reactions in 

nitrobenrene. The spirocarbocyclic ring is not opened in the polymerisation but the 4 and ‘I-membered 

ring systems are substantially more reactive than the bis-alkyl (non-spiro) analogues. The effect of the 

Spiro linkage is probably to increase strain in the heterocyclic ring but, again, effects are not large and 

contributions to strain are not readily discernible. 
Steric effects in acyl transfer reactions have been analysed by DeTar.“’ I” Stcric effects of groups 

were quantified on an empirical basis many years ago by Taft “& who compared rates of acid hydrolysis 

ofestcrs RCO,Et with that ofCH,CO,Et. His Esvalues have not, however. been related quantitatively 
to other physicochemical parameters, notably van dcr Waals radii. DeTar”’ has successfully related 

these Es values to the strain energy difference between RCH(CH,)l representing RCO,Et and 

RC(CH,), representing RC(OH),OEt, the tetrahedral intermediate The strain energy differences were 
obtained by molecular mechanics’*” giving AH, values which include not only stcric energies but also 

base values dependent on group increment tcrmsand statistical mechanical corrections inserted to take 

account of real conformer populations. A linear relationship between AAH, and log krr, for acid 

hydrolysis is obtained, so Es values are derivable by calculation, Es = 4.419 +0.552 AAHr. 
Substantially deviant points are found for R = tBuMeCH. neopentyl(CH,)CH. and 4- and 5- 

membered cycloalkanecarboxylates. In the former cases, the model for the ester is notably imperfect 

and in the latter the alkanes are highly hindered. The success of such a correlation shows, incidentally. 

that strain effects on free energies of activation are primarily to be related to the enthalpy term. 

DeTarLb5 has refined this treatment by selection of RC02H to represent thcester and RC(OH), to 
represent the tetrahedral intermediate in the force field calculations. As before, AH, values, the sums of 

several components including steric energy, were obtained. The plot of log k,,, for acid hydrolysis us 
ASE is in Fig. I I giving log k,,, = ON-0.789X. 

Predictions of relative rates spanning 800,000 have been made, and real confidence is expressed that 
Es values do measure stericeffects ofalkyl groups. In this connection, F-strain effects on reactivity have 

been discussed.16bb Plots of Es us the front strain parameter .Yr give similar slopes but different 
intercepts. 

In comparison of alkaline hydrolysis of 5- and 6-ring sultones and lactoncs %g16’ only rather small 

(< 10) 5:6 ratios are found for lactones. For sultones, however, values of 5:6 ratios are 104 and 

AAK++.,. 5-ring+-ring is 23.4 kcal mol’ ‘. Clearly this cnthalpy diffcrcnce is only insensitively 

X=COorSO~,n-Io~? 

88 
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mirrored in the transition state AAG’ but the reactivity difference is attributed to the (unquantified) 
ring strain difference as well as other possible factors. 

Loctonisution. Very large effects of structure on lactonisation rates have been observed, the most 
striking being the “trimethyl lock” 89.16”’ For 89b lactonisation is 5.1 x 10” faster than for 89r 

CHJ 

8% K=H 901 R - H 

89b K - Me 90b R=hk 

corresponding to AAG’ ‘c - I5 kcal mol -I. It was concluded that the acceleration was due to an 
increase in the population of conformers with geometries appropriate for cyclisation and no strain 
factors were invoked. Winans and Wilcox, ‘u* however, have interpreted these results on the basis of 
conventional relief of ground-state strain. They carried out MM calculations using, additionally, 
homomorphic (Section Iliia) representations of starting materials 91 and products 92. The 

91 92 

homomorphs suggested an acceleration of 10 ‘2-1O’4 to be reasonable and certainly to accommodate 
the acceleration of lactonisation which was claimed. Calculations on 89r and 90 showed that the 
differcnceinreliefofstrainenergybetween lactonisationof89rand@Ibtogive9Oaand90brespectively 
was 10.34 kcal mol- ’ corresponding to rate difference of > 10’. Further refinement’bub to give full 
thermodynamic results suggest AAGiPo of 14.25 kcal mol ’ and a rate ratio of about 3 x IO”. The 
dominant contribution is assigned to a conventional steric interaction which raises the ground state 
energy. If the “locking” contribution is purely entropic (both systems having the same ground state 
energy) then the acceleration due to this effect is c4 10’. The most recent work on this topic’6P’.b shows, 
however, that earlier work had overestimated the reactivity. Further analysis by DeTar”’ reduces the 
real reactivity ratio to 4 x IO’ bearing in mind the lesser degree of strain relief for formation of the 
tetrahedral intermediate in lactonisation. Relative reactivitics estimated from strain differences 
suggest, therefore, that only a fraction of ground state strain is relieved at the transition state. 

Storm and Koshland”’ have dissected acid-catalysed lactonisation rates spanning a range of IO’ 
in k,,,. Corrections (< 10’ in k,,,) wcrc made for torsional ctiects in reduction of rate as well as 
estimations of strain in, for example the very reactive hydroxy acid 93. This acid is > lo’ times as 
reactive as y-hydroxybutanoic acid. As rates of alkaline hydrolysis are very similar, ring strain effects 
are dismissed and ‘orbital steering’ into the required alignment for bond formation is invoked. 

93 
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DcTar”’ is able to reproduce by MM calculations on hydrocarbon models 94 and 95 (representing the 

starting material and the tetrahedral intermediate, respectively) relative lactonisation rates of 

hydroxy-acids such as 93 with fair accuracy. His results suggest that it is not necessary to invoke the 

special trajcctorics involved in orbital steering. 

(.H,-- ki,), 

94 95 

In lactone isomerisation, it is possible to predict (successfully)from MM calculations”’ that 96 will 

rearrange to 97. 

Additions ro carbonyl groups. For reductions of ketones with sodium borohydridc, Perlberger and 
Muljer’74.‘7~ have calculated strain energy differences between the carbonyl compound and 98 as a 

model of the transition state. The methyl group simulates the forming hydroxyl group and the 

perpendicular approach angle is adopted for simplicity. The bond length of 2.30 A was adopted in order 
to reproduce the isomer proportions obtained experimentally from camphor. Epimer distributions 

were reproduced within loo/, and rates over IO” ‘. 

98 

Osawa”6 - dnd his collaborators have used molecular mechanics calculations (Allinger MM I and 
MM2) to evaluate strain in the candidate products of acidcatalysed aldol-type cyclisation of the tetra- 

one 99. The outcome is predicted to be 100 which has an enthalpy l&20 kcal mol. ’ below other 

candidates except 101 for which the difference is I.5 kcal mol ‘. 

99 100 101 
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Table 29. Acid-aralyscd hydrolyti of 
cyclic acelals”8 

6.9 x IO’ 

0 

& 0 
2.5 x 104 

lo3 

& 0 0 2s x 10’ 

104 

0 

F3 0 

0 
7.7 

105 

(McQ,CH, 1 

Ilvi. Hydrolysis of acerals and orthoesters 
Hall”’ la0 and a number of collaborators have compared rates of acid catalysed hydrolysis of 

cyclic acetals and orthoestcrs with acyclic analogues presumed to have little or no strain. Results 
arc given in Tables 29 and 30. 

Tabk 30. Aadca~alyscd hydrolysis of 
orthocars” 

Onhocster k I.1 
-. - - - .- 

0 

0 & 0 1.63 

106 

IS.7 

107 

Wa),CH I 
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While no values for strain energies are available, it is reasonable to ascribe’79 the substantial rate 

ratiosinTablc29tostraindiffertntialscoupled with theanomericeffect ofthcoxygenatomsadjacent to 

the reaction site. The lower reactivity of 105 by comparison with 102,103 and 104 is ascribed to lesser 

opcrationoftheanomericetTect’*” and it is in any event substantially less strained. The real significance 

of strain is not clear in these systems. 
For hydrolysis of orthoesters”’ (Table 30) the absence of rate enhancement over acyclic 

orthoesters is striking. The ring systems are undoubtedly strained but not to the same extent as their 
hydrocarbon analogues. The mono-oxa compound 108. for example. is 3 -6 kcal mol. ’ less strained 

n 

108 

than norbornane. The transition state for oxygen carbon hcterolysis is probably early with little ring 
opening and consequent strain relief. The higher reactivity of 107 is consistent with rate determining 

formation of an intermediate carbocation. 

Ilvii. Radical reucrions 

The relationship between strain and reactivity in homolytic processes has been particularly 

explored in three principal processes,(i) the simplest of all reaction types-homolytic dissociation of 
alkanes, (ii) in the eliminative ring fission of cycloalkylmethyl radicals and (iii) in ring opening of 

cycloalkyl radicals. It is particularly in types (i) and (ii) that direct connections can be made between 

reactivity and strain and that comparisons can be drawn with analogous heterolytic processes. 
Homolytic dissociation of alkanes. Riichardt and his group have examined many different types of 

alkancand havedcrivcd valucsofAG’ for thcrmolysis.These AG* values havebecncompared' "with 
strain energies of the alkanes calculated by MM methods and typical plots of AG ’ us calculated values 
of alkane ground state strain energy, H,, are given in Fig. 12. Ruchardt’s cxtensivc data. together with 
some from other laboratories, are summa&d in Table 3 I. 

I\ 
\ 

-XI..-._L_ 

IO 20 .w 40(0 

li,r (k cal mole’ ) 

Fit 12 Correlation between the free energy of activation. AC;’ (30(p), for thcm~olys~s and the ground state 
struncnthalpylor hydrourbolu.The~tionlinayicMIhclollowingaqwtion~(~tcxt): OAG* = 669 
( f 1.0) - 0.65( 2 0.04) If,, tal mol- ’ (tertiary-tertiary); l AG’ - 622( f 0.7)-0.62( kO.03) II,tal md- ’ 
(quaternary qrutemary); 0 AC’ = 51.4 (f 1.4)-048 (kO.11) H, Lad mol ’ (sphcnyl-r-tmiary); l 
AG’ L 43.3 (k2.3)~.0.64 (iO.11) H, kcd mole’ (cl-phcnyl~quatemary). Standard deviations in 

pucnthaca 
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Tabk 31. Thcrmolysis of rlkana and related compounds 

Enwy 
-- 

I 
9 

System 
.-. - - - - .- 

R’R’CH I-Bu 
R’R’R’C t-Bu 
R’R’R’CCR’R’R’ 
R’R’CHCHR’R’ 
PhR’R’C CR’R’Ph 
R’CKN), t-Bu 
R,R’CICN~(CY)R’R* 
PhR’(OMc)C C(bMMe)RIPh 
R’RYWHI I-Bu 

Slope 
AC; l I’.~ Ii,’ 

-. - - - 
.. 0.70 2 0.07 
- 0.67 k 0.02 
-0.62kO.03 
-0.65~004 
-0.64f0.01 
-0.81 ~0.17 
-0.77*0.17 

-0.60 
- 

Slope 
AG’ us D,; Rd. 
- -- .- -. - 

181 
-0.91’ I81 

117. I82 
-0.79 I83 
-077 I64 

I85 
-0lM 186 

I87 
-1.09(rO.l2) I88 

l Cakula~al ground SISIC strain energy of the hydrocarbon. 
‘Calculated change tn stram enthalpy on dl-afton (I.c. waln In prtdua radicals allowed for). 
‘ Mean of quaternary yuawrnary and tmlaryquatcmary systems 

Valuesofthcstrainencrgiesofthe hydrocarbons,If,,donot takeintoaccount thestraincnergiesof 
theradicalsproducedandslopesaresubstantiallylcss than thcvalueofunity that wouldbeexpcctedfor 
dissociation into strainless fragments. Altemativcly, however, the strain energies of the radicals, R’, 
produced can be calculated by a force field for radicals developed in Rtichardt’s laboratories, or 
cquatcd with those of the hydrocarbons, R-H. When these arc subtracted from values of strain 
energics of the thermolysis substrates, values of strain energy differences. D,, are obtained. The 
corrclationsofthescD,,valueswithvaluesofAG& arccven better than those between AC& and H,,. 
Slopes of AG l cs D,, are substantially greater (Table 3 I) reflecting the rclea.sc of roughly 9o”/b of the 
strain energy diffcrencc between substrate and initial thermolysis products (entries 2, 7 and 9). The 
“missing” l@/, is to bc attributed to the lack of precise compensation between AH* and TAS’ terms 
and/or the fact that strained alkyl radicals may pass a small activation barrier to recombination. 

Incorporation of an a-phenyl group (entry 5) again gives a good linear correlation (slope - 0.64) 
bctwccn AG&, and H,, rising to - 0.77 when the correlation is cs D,,. The intercept on the AGfoO axis 
allows derivation of a value for the resonance stabilisation of the x-phenyl substituted radicals ofca 9 
kcal mol ’ in good agreement with the literature value. 

Thcsymmetrical (entry 7)and unsymmetrical dinitrilcs(entry 8)show substantially larger slopes for 
the H,, correlation than for other systems studied ; this change is attributed to the small stir of the cyano 
group and hence the smaller strain energy of the radical produced. The correlation with D,, (for 
symmetrical dinitrilcs, entry 7) again gives a larger slope. The intercepts produce values of resonance 
stabilisation energies amounting to 5.5 and 9.1 kcal mol ’ respectively for radicals N&R2 and 
(NC),CR. Similar considerations give resonance stabilisation energies of I .5-2.0 kcal mol - ’ for x- 
methoxyalkyl radicals. Resultsfor pyrolysisof 1,l’diadamantaneshow that thcreis littlestrainencrgy 
digercnce bctwecn the I-adamantyl radical and the parent hydrocarbon. The conclusions arc 
confirmed by force field calculations. A generally higher flexibility of bond angles to carbon radical 
centres is characteristic of these ~pecics’*~ and contrasts with their much more rigid carbocation 
counterparts. ‘* The strain cnthalpy of 1,l’diadamantane is 6.7 kcal mol -‘. 

The large reactivity range for thermolysis of bis-a-phcnylcycloalkanes isattributed both to l-strain 
ctTects and in, for cxamplc. the nine-membered ring, relief of non-bonded repulsion tcrrn~.‘~~* 

z-Hydroxyalkyl radicals are produced by pyrolysis of tertiary alcohols’“n and again, values of AG’ 
correlate with M M2 calculations in which C-OH is simulated by CHOH. Stabilisation by z-OH ofan 
alkyl radical iscstimatcd at 2.847 kcal mol ’ in fairagrccment with cstimatesfrom other sourccs(2.6 
5.0 kcal mol - ‘). This work has recently been extended to formation of bi- and tricyclic radicals. In 
R’R’R’C-OH + R’R’COH+R”. I-adamantyl and octyl arc ejcctcd more easily than 
norbornyl.‘90” Strain cncrgies in radicals, C’. are slightly greater than in the alkanes. C-H, for 
adamantyl. bicyclo(2,2,2)octyl and norbornyl by 2.2, 3.5 and 3.0 kcal mol ’ respectively. 

Some relevant work has also been carried out on thcrmolysis of azoalkancs, 
R’R’R’C-NN=N-CR’R’R’.‘~~~ It was found”’ that AIf,Z,, broadly correlated with 
calculated strain energies (Table 32). The very close agreement between A strain energy and AAH’ 
suggests a ground state effect. A concerted two-bond cleavage is indicated by AAH* for systems 1 and 
3 ; the value for single bond cleavage would be ca 5 kcal mol - ‘. Also the fact that system 2 shows an 
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T&k 32. Thmnolysu of dkana. R’-N=N=R’ 

1653 

A strain energy 
No. R’ R= AH’ @W 

.__ ._ .._. - _- -. .-_ -. -. .- -. .- 

I 1-b c-Bu 42.2 0 
2 I-Bu I-RuCH,CMe, 38.1 4.6 
3 r-BuCH,CMe, I-BuCH,CMe, 21.7 10.7 

intermediate value of AH’ is consistent with cleavage of carbon-nitrogen bonds simultaneously. The 

more unsymmetrical the azocompound, however. the more unsymmetrical is its cleavage, and a 
continuum of mechanisms appears to cxist.‘gob 

Linear correlations have been found between log k values for thcrmolysis of azoalkanes and 

solvolysis of the corresponding tertiary pnitrobenzoates. “’ The pnitrobenzoates with linear side 

chains give a steeper slope (0.93) us thermolyses than those with branched side chains (0.63). The 

difference is put down to solvation effects in the esters. 

Wiberg and Walker “’ have calculated values for enthalpies of “intramolecular” dissociation in 

tricycloalkanes (109, 110 and 111). The strain energies of all three rricyclic compounds are equal but 

110 

109 Lb . - &I *HI 

. 

A 
. - 4 l ti, . 

111 A 
l Hz - A . . 

AH-+5 

AH- l 30 

AH=+65 

those of the bicycloalkanes are markedly different, suggesting that the reverse (ring closure) to 

propellanes should occur much more easily for 111 than for 109 and 110. 
Homolytic eliminatice ring fission. Eliminative ring fission of carbanions was discussed earlier 

(Section Iliii) and very large accelerations of elimination of oxygen and carbon leaving groups have 
been recorded. Homolytic analogues of those reactions have been widely reported ; again most of the 

work is qualitative. This type of reaction is one of many rearrangements recently reviewed by Bcckwith 
and Ingold. 19’ The general scheme of reaction is : 

Reaction k, is a thermochemical compromise between cleavage ofa (weak) u-bond adjacent to a radical 
centre and release of strain energy us formation of a n in place of a u-bond. IJnsurprisingly. the left-hand 
side of the equilibrium is disfavoured for 3-and Q-rings while the balance is much more even for 5-and 6- 
rings. 
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Some qualitative examples from maoy reported illustrate the general pattern of behaviour. 
Homolytic chlorination of methylcyclopropane gives”” 112 and 113. For radical 114 therefore, 

there is competition between direct reaction with chlorine to give 112 and eliminative ring fission, to 
115, with subsequent formation of 113. Rearrangement of 115 to give the cyclobutyl radical precursor 
of 116 is not detectable. Formation of 4-rings is known to be slow (Section Iliib). By contrast, rapid 

Cl 

b 
112 

I 
i 

Cl 

113 

interconversion of 117 and 118 is observable’9’ and occurs faster than abstraction ofa hydrogen atom 
from triethyltin hydride. Strain in the 3-ring of 117 is clearly little of a barrier to rapid intrarnoleLular 
addition. 

The same conclusion emerges from consideration of the bridged radicals 119,128a and 121. The 
trapping products from 1201 and 121 are obtained in ratios close to unity and the rate constant for 
conversion of 121 to 128a (4 x IO’ s-’ at 25’) is therefore closely matched by that in the reverse 
direction.“’ Radical 12Ob can be trapped in pentane”” before isomerisation to 119. 

119 

a R=OAc. b K=Ii 

120 121 

Decarbonylation of aldehyde 122 gives radical’99.‘00 123 from which the normal 124 and 
rearranged 125 open-chain alkenes are derived. Furthermore, the formation of traces of the 
cyclopropanes 127 demonstrates that the strain energy difference between 123 and 126 is remarkably 
small. 

127 126 12s 
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a-Hydroxy-radicals similarly undergo eliminative fissionzO’ 

OH OH OH 

I-BUO. I - R-_F- 2 R- =J 
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W = Me or Ph R -%, 
iidH 

R-C 

For R = Me, the eliminative pathway (a) is a rapid intramolecular process. For the more stable 
hydroxy-radical (R = Ph), there is time for (intermolecular) dehydrogenation to cyclopropyl ketone 
(pathway b) as a competing reaction. Related results have been obtained by Davies and Muggleton202 
who have also examined cleavage of a-hydroxyaxiridinyl radicals. 

R ti 

- 

OH 
OH 

Four-membered rings are also observed to undergo eliminative ring fission readily. Reaction of 
cyclobutylmcthyl iodide 128with t-butoxy radicalsgives “’ a 2.1 (equilibrium) mixture of ring-fission . 

product 129 and starting material, and ring fission can be intercepted [contrast diphenylmethyl 
cyclopropyl’96 (above)], with a tin hydride. 

. I 

r-BuO- . / I-BuOl 
/ 

I c d e d-V 
l-&O1 

128 

Decarbonylation of the cyclopropaneacetaldehyde 130 givc~~~ the ring-fission product 131 as 
sole product but the Cring analogue 132 gives only a small proportion of ring-fission product 133. 

ix” CH,<'tiO 

130 

I 
H Ph 

‘cl \ 

Ph 

CH,CHO 

I 
CH,Ph 

d 

131 
Ph 133 
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a-Hydroxycyclobutylmcthyl radicals undergo fission to butyl kctoncszo’ and photolysis of 
cyclobutyl nitrite produces ‘06 the ring-fission-combination product 134 

OS0 0. 

d - hw d t NO -- 
-. 

NO 

134 

When the ring is 5-membered, equilibration bctwccn open-chain and cyclic radicals is 

observed207~zo* and both exo- and en&-addition. the latter giving the o-ring. arc found.“’ 

Qualitatively.thcrefore. theroleofstrainindcte~iningthestabilityofradicalsismuchascxpected 
but with clear indications that fission of Crings is slower than 3-rings to an extent not predictable 

simply from overall strain energy differences. 
Considerable quantitative data are available from the work of Ingold208~2’0~2” and Ekckwith2” 

(Tables 33 and 34). 

Table 33. Activation parameters for elimmativc nng fission of cycloalkylmethyl radicals 

No. Syrreln 
------ 

II4 4>-- . 

135 r 
I- f 

136 r-e 
.2 

I37 
-i_ L- 

138 - d 
t 

I39 d _A 

I40 d Y- 
141 

\A 

I42 ’ 
2- 

Ring 
E,. strain’ AH” AS” AH- 

----------- 

5.9 27.6 

11.9 26.2 9.1 

- 5.9 

15.4 -4.5 

9.2 14.9 

13.9 - - - 2.6 

IO.5 

6.3 

IO.1 29.R 

7.0 

23.3 6.3 

IR.5 - 

In.2 - 

-228 

I R.9 

+ 15.5 

Rd. 
- - 

211 

211 
212 

212 

211 

212 

212 

211 

212 

211 

‘kc-al mole’. 
‘calmole’K ‘. 
‘ R-ion cnthlpy. 
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Table 34 

system 

s / 5 x IO’ 212 

Ring fission of cyclopropylmcthyl radicals is very rapid and the data reveal the absence of direct 
correlation between ring strain and activation energy for ring fission. The Ering+ring comparison is 
again striking the ratio (z IO’) being similar to that found for carbanions (Section Iliii) and unrelated 
to the small ring-strain energy difference. 

Quantitative information for the reverse reaction-cyclopropane ring /orm&on-has been 
obtained for radicals 143 and 144: 

143 

tA 5 9 kcal mol ’ 

I44 

The difference in the activation energies is reasonably ascribed to the already strained ground 
state of 1U leading to a reduced ground statctransition state difference. 

Ring strain energy is not the only factor involved in determining energies of activation for ring 
fission. The strengths of the bonds broken clearly must also have an effect. In strained cycloalkanes. 
C-H bonds are stronger and C-C bonds therefore probably weaker than in open-chain alkanes. 
C-H bond strengthening can be regarded as a measure of that component of C-C bond weakening 
unconnected with ring strain. When ring strain energies are added to A&C--H) between cycloalkane 
and the secondary C-H value for an open-chain alkane and the sum is compared with E, for ring 
fission a remarkably good correlation is obtained (Fig. 13).2” 

Ofconsiderable interest in this connection, however, is the finding’ ” that log k,,, for abstraction of 
hydrogen atoms from strained benxocydoalkenes gives a very insensitive (slope -0.oS2) correlation 
with strain energy. The dominant factor is, of couf3c. benxylic stabilisation of the radical produced. 

The results of Table 33 show that, as expected, the energy of activation for ring fission of a primary 
radical 135 is substantially lower than that for the more stable tertiary radical 137. Ring substituents 
vary in their effect on reactivity; gemdimethyl substitution 138 adjacent to the open radical centre 
raises the activation enthalpy consistently with operation ofa rctro-Thorpe-lngold etTect (Saction Iliii) 
but when the gem-dimethyl substitution is LII the radical centre 140. the effect on stability of the 
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I 

- io 
- 

.20 30 -40 

H..i.+AD(C -H) (k cd ml-‘) 

Fig 13. Corrdrtion of the sum of ring strain and ADK-H) with the activation energies for ring fission in 
cyclodkylmerhyl radicals. 

rearranged radical is evident and E, decreases. AH’ decreases when gemdimethyl substitucnts 
are present at both positions 141. Cleavage of the cyclobutcnylmethyl radical 139 is slightly more 
favourable than that of the cyclobutylmcthyl radical 135; the strain energies of cyclobutanc and 
cyclobutene are very similar but in 139 the open chain radical is delocahaed. In the cydopentylmethyl 
radical 142 the very much lower ring strain energy does give rise to a higher barrier for ring fission. 

In carbonyl-forming homolytic eliminative ring fission of 145 the effect of strain is seenzL6 in the 
competition between ring fission and loss of a propyl radical. 

R’ 0. 

15 h 

Lo 
G )n 

WS 146 

0 

0 )n 

I47 

For n = I (5-ring) the 146: 147 ratio is 14: 1 and for n = 2 @-ring) is I : 11 suggesting a substantial 
proportion of strain release at the transition state for cleavage. 

Scvcral sets ofcalculations on homolyticcliminativc ring fission have been reported.z9*21’**1’ For 
conversion of the cyclopropylmethyl radical to the but-3+nyl radical, values of, E, = 8.7 for the 
fotward and 17.3 kcal mol- ’ for the reverse (ring-forming) reaction have been derivedz” &war” 
predicts conversion of but-3cnyl to cyclopropylmethyl to be much easier than for conversion to but- I - 
enyl or cyclobutyl, and obtains a value for the activation barrier of 12.9 kcal mol - ‘. For cyclisation to 
cyclobutyl, the activation barrier is calculated to be 17.1 kcal mol- ’ higher. This very much larger 
barrier is attributed to the energetic price of distortions enforced by the geometry and electronic 
requirements of the system. Bischof”” also predicts from calculations that in cyclisation of radicals 
148, pathway a will be preferred to pathway b for values of n < 4. 

, - CHI=CH-_(CH,).- 
b 

- (Cti2).+l CH. 

l48 
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Tabk 35. Fission of bicydo[n.l.O]alk-2-yl radic&” 

Radical 

(1@9) 
-.- - 

n=O 
0-l 

n=2 
n=3 
o-4 
n=5 

RS’(IS0) - RS(lSl) 
- -. - .- - ..-. 

37.1 
49.3 
31.3 
23.4 
23.7 
213 

Radical 
formed 
- - _- 

151 
151 
152 
1st 
152 
152 

RS’(lSO)- RS(lS2) 
.- ---- 

13.4 
25.6 
26.0 
27.5 
24.4 
25.1 

l Ring strain. kal mol - ’ 

For n = 2, AH: is 52 kcal mol - ’ and A.9: is - 34cal mol - ’ K - ’ but for n = 3. AH: iscalculated to 
be77kcalmol’ t andAS,’ -48calmol-‘K ‘. 

In bicyclic systems 149 abstraction of the (more weakly bound) cyclobutyl methylene hydrogen 

151 

D 
t-nuo- * 

(n - ( P 
149 

atom gives 150 and reaction can proceed by fission either of an internal (151) or an external (152) 
bond.z19 Results are given in Table 35. 

When n = 0 the product is cyclobutene and clearly for radicals 149 (n = 0 and 1) the much larger 
ring strain difference on rearrangement to 151 outweighs the unfavourable stereoelectronic factor in 
which the semi-occupied molecular orbital (SOMO) and internal bond are orthogonal. For the 
remainder, the ring strain difference is insufficient to outweigh the stereoclectronic factor; 
consequently, radical 152 is produced. 

Ring opening in cycloalkyl radicals. Cyclopropyl radicals have been rcported”“*z’t nor to open in 
spite of favourable energetics, but E, for the reaction, 19.1 kcal mol- ’ has been measured.‘z’ In 

A - A. 

solution two phenyl groups stabilising the open radical, are required for fission.21’.z24 

Ph . 

It - Ph 

R-II 

I’h 

Ph Ii 

W II 
Ring opening competes with radical abstraction and the product distribution can be used to calibrate 
hydrogen atom donor capability of solvents. 
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Critical threshold energies for ring opening ofcycloalkyl radicals have been obtained by Stein and 
Rabinov-itch” 5 with values for cyclopropyl x 20; cyciobutyl z 29; and cyclopenty) z 34 kcal mol r, 
respectively. For cyclopropylmethyl the value is r 16, significantly different from cyclobutyl in view of 
the very similar enthalpies (- 5.5 kcal mol-‘) for the rearrangements of the radicals, 

The reluctance of cyclopropyl radicals to rearrange in spite of considerable energetic assistance 
from strain is to be attributed to the difficulty of achieving an eclipsed conformation of the semi- 
occupied molecular orbital (SOMO) with respect to the bond about to break.“’ 

Radical dispiacemnr on strained cycloalkanes causes ring-opening.“~~z’7 Chlorination of 
cyclopropane gives cyclopropyl chloride and I ,3dichloropropane 22**zz9 but bromination gives only 
open-chain dibromide2” and the reaction is regiospecific. Walling 22* has shown that abstraction of 
hydrogen from cyclobutane occurs ~117 times more rapidly than from cyclopropane but the product is 
exclusively cyclobutyl chloride. There is no displacement reaction. Once again the cyciobutyl structure 
reveals itself to be much more stable than the analogous cyclopropyl structure while the reactions 
whichoccurdosoonly byvirtueoftheconsiderable butcloselysimilarringstrains.Thegreaterstability 
of the cyclobutyl radical also emerges from work230 on the decomposition of t-alkyl hypochlorites. 

R’ H’ 

I I 
R'-_('--M-1 ---OR’-((‘-O.- R’. t R’COR’ 

I I 
R’ R’ 

Themost stableradical. R”,isejected withformationofaketoneand by thiscriterion thestabilityorder 
is cyclobutyl > methyl > cyclopropyl. Products from unrearranged cyclobutyl radicals are obtained. 

In the much more highly strained bicyclobutanes 153,abstraction ofhydrogen from the bridgehead 

is nor detectable; instead removal of a methylene hydrogen atom to give 155 occurs. Subsequent 
intr~ol~~~ eliminative fission produces 154 identical with that from t-butoxy radical 
reaction withcyclobutene. ““In thiscasetheSOMOand thebr~king~nda~o~hogonal but much 
greater relief of strain is achieved than by breaking an external bond. 

With polystyryl radicals, for example, attack is at the bridgehead and for bicyclobutanecarbonitrile 

CN 

-p. * e-- CN--P 

156 the reactivity ratio, compared to styrcne, of 0.71 demonstrates the great lability of this highly 
strained system which behaves essentially as a vinyl monomer.23’b 

Ahstrmion. The very small effect of ring strain on rates of hydrogen abstraction from cycloalkenes 
has been referred to above.“’ Relief of per&interactive strain is responsible for the substantial 
ditferences in rates of autoxidation of phenols 157.2’2 
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Table 36. Absrraalon of hydrogen from polycyclic alkrna”’ 
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Bridgehead 
_ - .- -- 

Alkane k/k,_ ,’ AAH’ 
_ - .- -.---- 

no ruciion 

1112 

IS.976 

40.306 

l.ooa 

t 6.032 

t 0.487 

3.696 

--4.367 

0 

Slope - 0.327 Slope -0.537 

- 

Secondary 
--- 

W, ; 
-- 

-- 
MM’ 
-- - 

0.668 

1.919 

- 2.417 

- 4.042 

0.049 

1.000 

- 4.002 

-- 1.139 

0 

’ I -Adamanlyl 
‘kul mol ’ 

Values of f,,z for l/2 mole O1 per mole of 157 are : R = Me. no reaction in 3 days under standard 

conditions ; R = i-Pr, 4 hr ; R = t-Bu, 10 min ; 1.8dimcthyL2-naphthol, 3 hr. 

Rates of hydrogen abstraction from strained alkanes have been correlated with (calculated) 

strain energies. “’ Results are given in Table 36. 

Homolytic crddiriotrs. The addition of ethyl cyanoacetate to strained cycloalkenes with S-12- 
membered rings has been studied. Rates correlate*34 with MM calculations of strain energies but 

effects are small and cover a range of only a factor of 6. 

In later work, correlation”’ was obtained with Fukui delocalisabilitics. but rate constants varied 

only within one order of magnitude for carbon radicals in irreversible reactions. 

IIviii. Miscellaneous 
This section comprises several general situations not readily classified under earlier headings. 

Proton rron.sjkr equilibria. Steric effects on proton transfers are familiar”’ but quantitative 

rclationshipsbttweenratesandequilibriaonthconehandandstrainencrgiesontheotherhavcseldom 

been established. A particularly interesting recent cxarnple is seen in the work of Alder and his 

colleagues2” on the protonation of bicyclic amines, compounds 158 and 159. 

II e N 
0 

t, 
N Ii 

k2 
IS8 IS9 
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Theprotonaffinityof158is20kcalmol-’ lowerthanthat ofn-Bu,N. Forcefieldcalculationsshow 
a strain energy penalty of 17 kcal mol- ’ incumbent upon the (acocssible) out-protonation as in 160. 

This agrees well with the difference of 11 pK, units between 158 with its remarkable pK, of +0.6. 
and n-Bu,N, In the related diamine 159a similar situation obtains : pK: is 6.5 and pKf. is - 3.25. Some 
strain is induced upon out-protonation of the first nitrogen atom as the pK: is substantially smaller 
than that of n-Bu,N but the second nitrogen atom confers greater flexibility on the structure giving 
pK: 159 s pK, for 160. The price is paid on the second proton transfer. 

Enzyme systems. Mechanistic aspects of enzymic processes have frequently been reviewed”’ and 
the effect of strain is specifically referred to.“’ Quontitarive evidence is. not surprisingly, unavailable. 
Fersht and Kirby”’ conclude that enzyme!-substrate binding is not responsible for the induction of 
ratecnhancing strain in small substrates. 

In studies 24’ ofcycloamylose complexation, use of partially methylated cycloamyloses produced 
only very small changes in dissociation of pnitrophenol used as a monitor of complexation. The 
possibility was rejected that release of ring strain upon binding was a significant factor. 

Cor$ormu~ional uansmission. Barton 242*2*’ and his collaborators observed that rates of formation 

of benzylidine derivatives of 3-keto-steroids were affected by distal substituents. Rate effects were 
subtle, spanning at most two powers of ten, and were attributed to “progressively varied angle strain 
throughout the molecule”. They were signif%zant, however, in terms of synthetic applications. Allinge~ 
and Lane2** have carried out force field calculations of steric energies of 3-kctosteroids related to the 
series studied by Barton. They are able to correlate steric energies with rates (correlation coefficient 
0.83) and to obtain relative values of AC’ with a standard deviation of 0.28 kcal mol - ‘. 

Ozonisation o/ cycloalkanes. Popov and his collaborators2” have found a dependena of 
ozonisation rates on cycloalkane excess enthalpy, showing that log (k/k,.,,,,) = 1.22 (excess 
enthalpy)’ 5 for the series C, to C,2 with rates spanning a factor of 40. 

IIix. Conclu.5ion.s 
It isclear from the wide range ofwork collected in this report that quantitativecorrelations between 

strain and reactivity are now feasible for many reactions. These correlations provide valuable 
informationbothon thenatureoftransitionstatesand themannerin whichstrainiseithergeneratcdor 
released as the transition state is reached A valuable review of the application of strain-reactivity 
correlations in transition state localisation has recently appeared. 246 The correlations allow praiictive 
useofMM calculations for reactivitiesinaseries withimportant syntheticrepurcussions. Examination 
of the correlations of total strain energies with molecular reactivities, particularly ofsmall ring systems. 
point to substantially different distributions of enthalpy in such systems. These investigations are 
focusing attention on the nature of “strain” and in particular upon its distribution within the 
molecular framework. The unravcllingand quantification ofthese very largeand differently distributed 
effects on reactivity offers an exciting prospect. 
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