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Abstract: Rates of cyclization vary markedly with ring size; five-membered rings and six-membered rings close rapidly while
formation of four-membered rings and of seven-membered rings is very much slower and is in competition with polymerization.
The presence of alkyl substituents usually causes a large enhancement of the rate of cyclization; this is the “gem-dialkyl” ef-
fect. It is generally agreed that these rates are controlled by steric effects, but quantitative treatments have not been successful.
The plausible idea of relating rates to free energies of formal ring closure of alkanes fails for rings having four to seven mem-
bers: product rings are not always suitable models of the transition states for these rings. In the present study we have used a
different theoretical approach to predict rates of Sn2 ring closure of bromoalkylamines, Br(CH3),—NH,. We have treated
the unsubstituted series with n = 4-7 and the variously dialkylated derivatives for n = 5. Experimentally the rates cover a
range of nearly 10°, and our calculated rate constants agree with those observed within a factor of 2, These results are surpris-
ingly good, but there are close parallels in the successes of similar theoretical treatments of steric effects in other reaction se-
ries. We estimate enthalpies of activation by molecular mechanics; the model of the SN2 transition state is a trigonal bypyra-
mid whose somewhat distorted geometry is defined in individual detail by the force field. For a given bromoalkylamine the en-
tropy of activation of ring closure has been assumed to be equal to the entropy of formal ring closure of the analogous alkane.
The validity of the entropy assignments is greatly enhanced by the regularities we have found through a detailed analysis of
the entropies of formation of alkanes, of cycloalkanes, and of their mono- and dimethyl derivatives. There is no simple way to
summarize the idiosyncratic contributions of individual structures to the enthalpies and entropies of activation in the SN2 ring
closures. It is possible to state, however, that most earlier postulates have greatly overestimated the importance of entropic ef-
fects. As between intermolecular reactions and closure of a four-membered ring the entropic effect TAAS¥ amounts to about
7 kcal/mol, a highly significant factor. But the difference in TAAS¥ between closing a four-membered ring and closing a five-
membered ring is only 0.9 kcal/mol, a rate factor of 4 in favor of the smaller ring, while the AAH* difference is 10.6 keal/mol
in the opposite direction. The striking gem-dialkyl effects treated in the present study span a range of rates of 109, and they are
almost entirely enthalpic in origin. We present a modern update of the popular Ruzicka hypothesis of ring closure for simple
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rings having from 4 to 15 atoms.

Ring closure to form five-membered rings and six-mem-
bered rings is highly favored over competing intermolecular
reactions such as polymerization and is usually favored over
formation of rings of other sizes. The classical explanation due
to Ruzicka views this situation as the resultant of two com-
peting factors: an unfavorable strain energy that hinders for-
mation of small rings, which strain becomes negligible for five-
and six-membered rings, while the probability of ends meeting
is most favorable for closing three-membered rings and pro-
gressively diminishes throughout the homologous series as the
ring size becomes larger.l:2 A number of reviews summarize
the available experimental data and the attempted theoretical
interpretations.?~’

Other structural factors lead to further enhancements of
rates of cyclization. A well-known example is alkyl substitu-
tion; the result rate acceleration is called the “gem-dialkyl
effect” or the Thorpe-Ingold effect.2-8 With appropriate
molecular design acceleration can attain spectacular levels as
in the Koshland examples of bicyclic lactones® or in the Cohen
examples of alkylated o-hydroxyhydrocinnamic acids.’

Organic chemists tend to think in terms of reaction paths
using such phraseology as “approach to the less hindered side”
or “‘probability of ends meeting”. There is a temptation to in-
vent new terms such as “orbital steering™® or “stereopopulation
control”® which are based on the idea of especially constrained
reaction paths, an entropic effect. For quantitative treatment
it is obviously sufficient to evaluate free energies of just two
states, the reactant state and the proposed model of the tran-
sition state. In fact it.is more precise to use the Eyring transition
state model than the reaction path model even for qualitative
discussion.

Quantitative theoretical treatments of cyclization reactions
are in a preliminary stage. The Koshland bicyclic lactone
formation has been treated in terms of hydrocarbon surrogates
for the hydroxy acid, for the lactone, and for the tetrahedral
intermediate.!® Molecular-mechanics computations gave the
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relative enthalpies, and it was shown that most of the “orbital
steering” effect is due to steric crowding in the ground state,
an enthalpic effect. This study can profitably be extended using
more realistic models, though other work has shown that the
rather crude hydrocarbon models are capable of reliable
predictions.!!2 Wilcox reports molecular-mechanics evaluation
of strain in an example of the Cohen series and again has shown
that “stereopopulation control” is primarily an enthalpic effect
operating through strain in the hydroxy acid.!2 This study also
deserves extension since the calculations are based on an ad
hoc force field applied to only two hydroxy acids.

Attempts to place the Ruzicka hypothesis! on a quantitative
basis have up to the present used product rings as models of the
transition states.3#7 Relative free energies can be calculated
for formal reactions such as cyclization of n-butane to cyclo-
butane (eq 4) or of n-butene to cyclobutane.

This formal modeling was applied many years ago by Al-
linger and Zalkow in a theoretical attempt to calculate the
gem-dialky! effect in the cyclohexane series.!3 Alkyl substi-
tution lowers the free energy of ring closure, but there are no
experimental data for comparison.

Formal cyclization of unsubstituted alkanes leads to the
following relative AAG values (see Table 1V):7 for closure of
three-membered rings, 20 kcal/mol; four-, 19; five-, 0.1; six-,
—3.1;seven-, 1.9; eight-, 6.2. These translate to the following
theoretical relative rates; three-, 2 X 10~15; four-, 1 X 1014
five-, 0.8; six-, 190; seven-, 4 X 10~2; eight-, 3 X 10~5, Ex-
perimental relative rates, however, are entirely different. The
relative rate of SN2 closure of five-membered rings is about
100-1000 times faster than closure of six-membered rings.34/7
The prediction of 1/200 is therefore wrong by about 10% or
more. Seven-membered rings and four-membered rings close
at about the same rate, and the prediction is wrong by about
1012, These results make it clear that product rings are not
always suitable models of the transition states for SN2 ring
closure.
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Fortunately we no longer are required to choose known
stable molecules as models of transition states. The molecu-
lar-mechanics procedure for extrapolating thermodynamic
data can be used to evaluate enthalpic effects arising from
steric factors for any desired model. As an example the Taft
E values!® for steric hindrance in ester hydrolysis are repro-
duced to within a factor of 2 using R3CCOOH as the model
for the ester and R3CC(OH)3 as the model for the transition
state.!1® The Taft values are reproduced to within a factor of
4 by the even much cruder models of R3CCH(CHj3); for ester
and R3CC(CHs); for transition state.!l2 Steric effects in
certain SN2 halide exchanges are now well understood.!5:16 The
model transition state is a trigonal bipyramid; the detailed
conformation, defined by the effect of the force field, is often
considerably distorted. 162

Other examples of the use of molecular mechanics in the
quantitative treatment of steric effects on equilibria or no rates
include lactone formation,!” the early work of Schleyer’s group
on prediction of rates of solvolysis of bridgehead halides and
sulfonates,'® attempts to calculate solvolysis of other sys-
tems,'9-21 oxidation of alcohols and reduction of ketones,22
prediction of product distributions,?? and prediction of con-
former populations.24

The present study concerns the ring closure of bromoalk-
ylamines, eq 1, and their alkylated derivatives, eq 2 and 3.

Br(CH,),-1NH; — cyclic (CH,),,—-;NH>* Br~ (1)
1 2

alkylated 1 — alkylated 2 2)

Br(CH32),-1NMe; — cyclic (CH;),—1NMe,* Br~ (3)

We have chosen these systems on account of their importance
as general examples of SN2 ring closure, and because the
available experimental data cover a wide range of structures
and of relative rates. Since SN2 reactions show little sensitivity
to polar effects,!6 these rates are governed primarily by steric
factors.

Our procedure is to estimate enthalpies of activation by
molecular mechanics!!2°-27 and entropies of activation by
analogy with the entropies of formal ring closure reactions of
alkanes.”-28 The presentation is accordingly organized into
three sections: we consider first the procedures for evaluation
of entropies of activation, next we provide a description of the
principles of and limitations of the use of molecular mechanics
to estimate enthalpies of activation, and finally we present our
theoretical derivation of the rates of the ring-closure reactions.
We limit our theoretical treatment to the unsubstituted
homologues of 1 with n = 4-7 and to the dialkyl-substituted
derivatives for n = 5. In particular we have left out the closure
to ethylenimine (n = 3) for two reasons: the force field does
not at present include functions and constants suitable for
three-membered rings, and the variable rates of closure of
three-membered rings relative to closure of rings of other sizes
strongly suggests that special bond hydridization factors may
be important in controlling rates for three-membered rings.6
By this we mean that there may be significant resonance effects
involving all three atoms of the ring being formed, such special
effects being absent in closure of larger rings because of iso-
lation by the extra atoms in the ring.

Entropies of Ring Closure. There are at least three ways to
calculate entropies of formation: (1) through a statistical-
mechanical calculation using vibrational terms estimated by
molecular mechanics; (2) through group additive methods
based on generalized summaries of entropy factors;34.28 (3)
by direct extrapolation from analogous systems. This latter is
potentially the most reliable providing that the analogy is
sufficiently close.

Equation 4 is an example of a formal cyclization and eq 5
is the corresponding intermolecular combination reaction;
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ASn is the intrinsic entropy of the reaction, that is, entropy
corrected for the extraneous factors of symmetry number and
presence or absence of d/ pairs. Within the error limit (std dev)
of 0.4 cal deg~! mol~! the differential entropy of ring closure,
eq 6, can be expressed as a linear function of n, the number of
carbon atoms, eq 7.2°

CH3(CH2),,_2CH3 - cyclic (CHz),, + Hz
ASin(ring) (4)

CH;3(CH3,),-»CH3 + CH3(CH2»),,—2CH3
— CH3(CH3).-2CH3 + Hy (5)

=l4+m AS(inter)

CH3(CH,);-,CH3 + CH3(CH»);-,CH3
— cyclic (CHy); + CH3(CH2)]-2CH3

+ CH3(CH3)x-2CH3  (6)
I=j+k AAS;n(closure)

AAS,(closure) = ASin(ring) — ASin(inter)
=34.901 — 2.868n (s = 0.4) (7)

Entropies are for the gas phase but are referenced to the hy-
pothetical standard state of 1 M. The six-membered ring is
exceptional because of the relative rigidity of the chair form.
Equation 7 also applies with the same accuracy to the formal
ring closure:

CH,=CH(CH,),,-3CH3 — cyclic (CH2)x (8)

The entropy data are developed in the Calculations section.
There are too few data to permit similar computations of ring
closures for molecules incorporating heteroatoms, but entropies
of the following two formal combination reactions are the same
within respective error limits:

CH;(CH>),-,CHj + CH,—CH(CH,),,-3CHj
— CH3(CHy)jam—2CH;  AAS = —31.32

CH3(CH3);-,0H + CH,=CH(CH3,),-3CH;
- CH3(CH;);-20CH,(CH3),,-2CH;

AAS = —-32.07

There are striking regularities in the entropies of formation
of methyl-substituted alkanes and cycloalkanes. These are
summarized in the Calculations section and in Table 1. It is
possible that some of these correlations gloss over small sys-
tematic trends in entropies of formation and of cyclization, but
the smoothed values appear to be correct to within better than
1 cal deg™! mol~!, and they suffice for present needs.

We now consider the relationships between eq 6 and the
formal SN2 ring closure equilibrium, eq 9. The close structural

+
HQN(CHZ);BI' + CHgCHQNHQCHgCHgCHg
3

== l I + CH,CH,NH, + CH,CH,CH,Br (9)

N,
N
H +
similarities in these two formal reactions and the general
pattern of regularities among entropies of formation strongly
support the hypothesis that for similar ring sizes the entropies
of eq 6 and 9 will be nearly the same; the 2.868 cal deg™! mol™!
increment may be expected to hold for both formal reactions
for n = 4, 5, 7, and the cyclohexane value for n = 6. It is our
postulate that the entropy relationships also hold for the
transition states and that the entropies of activation for ring
closure may be equated to the experimental entropies of ring
closure summarized in Table .
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Table I. Intrinsic Entropies of Ring Closure

ring size, substitution AAS;, (closure), b
open chain ring gibbs, M, 298 K
3 unsubs 26.3
4 unsubs 234
5 unsubs 20.5
6 unsubs 17.7¢ 1214
7 unsubs 14.8
8 unsubs 11.9
5 monoalkyl monoalkyl 233
6 monoalkyl monoalkyl 20.5
5 monoalkyl dialkyl 212
6 monoalkyl dialkyl 18.4¢ 12.84
5 dialkyl dialkyl 23.3
6 dialkyl dialkyl 20.5¢  14.9¢

@ For formation of cycloalkanes or cycloalkenes, corrected for
symmetry and for d/ pairs so as to apply to a single stereoisomer of
reactant and of product having a symmetry number of one. These
values compare closely with the values of AAS|, of Table I of ref
7 if symmetry numbers of 14 for cycloheptane and 16 for cyclooctane
are used. & AAS|,, means that these values are relative to the corre-
sponding intermolecular reactions, eq 6; 1 gas, 298 K. ¢ Interpolated
for fully flexible six-membered ring. All rings (except cyclopropane)
are treated as flexible. 4 For “rigid” chair cyclohexane. It should be
noted that all entropy data in this table are consistently derived
smoothed values which summarize a large body of experimental data
for alkanes, alkenes, and cycloalkanes.

The proposals concerning use of eq 7 in the computation of
entropies of activation for cyclization have some recent ex-
perimental support. Entropies of activation data for cyclization
of Br(CH3),—>COO~ in 99% dimethyl sulfoxide!®< may
somewhat arbitrarily be correlated by a straight line;
AS#(caled) = 5.271 (£2.5) — 2.356 (£0.32)ne, s = 2.5, r2 =
0.90 for nc = 3-5, 7-11. This is not a great correlation, but it
is well within the estimated uncertainties of the experimental
AS* values.!® Results are not much changed by breaking off
at n = 10, 12, or 13, but the leveling of AS¥* at still larger n
ultimately leads to a much lower r2 as values of AS¥ for n up
to 23 are included. The slope —2.4 is within acceptable
agreement with the theoretical slope —2.868 value of eq 7. The
rather large uncertainties in AS¥ are due to the well-known
strong correlation between AH¥ and AS¥ and to the absolute
statistical requirement that data be random (unbiased), a re-
quirement that is seldom fulfilled in practice.

Enthalpy Estimates via Molecular Mechanics. The enthalpy
of formation of a given compound may be expressed as a
summation of four terms:!!-16.25

AH: = base enthalpy + SM + SE + const (10)

These are a base enthalpy, a statistical mechanical energy,25:26
a steric energy, and a constant which represents enthalpy of
solvation and possibly other quantities. The base value for an
alkane may be represented as a sum of group terms, one for
each of the CH3, CH», CH, and C groups present. The steric
energy (SE) is calculated by molecular mechanics for the
conformation of lowest energy. The statistical-mechanical
correction allows for population of multiple conformations
having energies only slightly higher than the conformation of
minimum energy.?” Steric energy includes strain energy but
is not equal to strain energy; the value of steric energy for a
given molecule depends on the details of the force field. If we
need to calculate AH;, we must establish appropriate base
enthalpy terms for each particular force field in use. The steric
energy is therefore a composite quantity; it includes strain
energy plus some arbitrary and usually small fraction of the
base enthalpy. In most applications both the force field and the
base enthalpies are parametrized to give gas-phase values. The
constant term in eq 4 then would represent the enthalpy of
solution.
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Figure 1. Transition-state model for reaction of CH3;CH,NH; and
CH;CH;CHzBr. Four pairs of hydrogen atoms appear eclipsed in this
view.

The enthalpy of activation is derived by the formalism of the
equations

ASE; = SE(ts 1) — SE(gs 1) (11)
AH* = ASE, + const; + ASM,

ASE; = SE(ts 2) — SE(gs 2) (12)
AH,* = ASE, + const, + ASM,

AASE;> = ASE, — ASE, (13)

AAH | * = AASE > + AASM/; + const;»

In eq 11 and 12 the differences in steric energies between
transition state (ts) and ground state (gs) account for the
strain-energy increase or decrease. The const, includes those
base value terms that do not cancel at this stage; it also includes
hybridization and other energy changes that occur in forming
the transition state, and it includes solvation effects. AASE |,
is a true strain energy difference.

For a properly selected reaction series all base value terms
drop identically from the double difference AAH |,¥ and need
not be separately evaluated. The constant term const,, rep-
resents residual differential effects of solvation and differential
electronic effects,

Consideration of these principles shows that eq 13 is appli-
cable to all members of the reaction series summarized in eq
1 and 3, each of which represents reaction of a primary bro-
mide with a primary amine. For all these const,» ~ 0. However,
reactions of primary amines may encounter different hybrid-
ization energies than do tertiary amines; thus we cannot expect
const;y to be small if we attempt to compare members of the
reaction series of eq 1 with members of the series of eq 3. The
presence of an appreciable polar factor would, of course, show
up in constyy, but SN2 reactions are not sensitive to polar fac-
tors.!6 We can therefore expect that the sum of AASE;; and
AASM,, values will be equal to, or proportional to,
AAH|2¢.

Theoretical Calculation of Rates of Cyclization. Detailed
structures of the transition states are not known, but the gen-
eral structure is a distorted trigonal bipyramid, Figures 1-3.
Since applicable force constants are also not known, we have
examined several possibilities based on our earlier studies.!!.!6
The force constants define the details of the models of the
transition states. We report here on two such models that were
applied to the complete data set. It is important to note that
several previous evaluations of steric effects on relative rates
have shown that a reasonable model of the transition state
together with reasonable estimates of force constants, consis-
tently applied, will give useful quantitative accounts of steric
hindrance and of steric acceleration.!0.!1.18.22 The converse also
holds: the fact that a model does prove successful is no guar-
antee that it is correct in detail.



4508

Journal of the American Chemical Society |/ 102:13 | June 18, 1980

Table II. Steric Energies and Relative Rates of Ring Closure for w-Bromoalkylamines

SE SE logke  logk/ log k
reactants reactants SM? (TS) AAH.g¥¢ AASq? AAG ¥  obsd caled obsd — calcd
1 EtNH; + n-PrBr 3.20 0 22.28 0 0 0 —4.44
2 EtNH; 4+ (CH;);CCH,Br 5.40 0 30.80 6.32 0 3.98 -17.36
3 H,N(CH3)3Br 2.13 0.27 30.15 11.67¢ 23.4 0.34 -5.08 —4.69 -0.39
4 HoN(CH3)4Br 2.67 0.39 23.17 1.03 20.5 —-5.46 —0.067 -0.43 0.37
5 H,N(CH;)sBr 3.11 0.63 23.90 1.08 12.1 -2.93 -2.08 -2.29 0.21
6 H,N(CH;)¢Br 3.70 0.86 31.36 7.72 14.8 0.45 —4.60 —4.77 0.17
7 HNCMe;CH,CH,CH,Br 4.60 0.12 24.29 0.49 23.3 —6.64 0.24 0.43 =0.19
8 H,NCH,CMe,CH,CH,Br 7.22 0.12 23.11 -3.31 23.3 -9.03 2.09 2.18 0.09
9 H,NCH,CH,CMe,CH;Br 6.26 0.12 27.35 1.89 23.3 -5.75 -0.84 -0.22 -0.62
10 N,NCH,CEt,CH,CH,Br 12.78 0 27.41 —4.45 23.3 -9.75 2.67 2.71 -0.04
11 HoNCH»-i-Pr,CH,CH 2Br 24.00 0 36.54 —6.54 23.3 —-11.06 3.85 3.68 0.18

@ Units keal, mol, s, 298 K. ? Statistical-mechanical correction taken from alkane values: ref 11, 27. ¢ Relative to reaction 1; cf. eq 9. Values
are based on the “tight” model of the transition state. AAG/F from eq 15 with b = 0.63. ¢ From Table I. ¢ Values for reactions 3, 5, and 6
from Freundlich as summarized in ref 7; others from data of ref 32 as derived in Calculations. / Log k = (—6.0499 — AAG¥)/1.3634, Standard
deviation 0.34, r2 = 0.987, reaction 3 not used in evaluating the intercept (—6.0499) and the factor 0.63. £ Increased by 3 kcal to correct systematic
underestimate of SE for four-membered rings. # Freundlich value is —0.30 and was estimated from chloroalkylamine values.

Figure 2. Transition-state model for reaction of CH;CH;N(CH3); and
CH3CH2CHzBr.

Since steric energies are calculated for the conformation of
minimum energy we must include a suitable estimate of the
statistical-mechanical term, eq 11-13. For open-chain mole-
cules the value for the analogous alkanes!!26.27 ghould be ad-
equate; cyclic compounds or transition states will have a neg-
ligible SM correction because all available low-energy con-
formations are of nearly the same energy.

Entropy values in Tables II and III are from Table I. The
experimental rates of ring closure, log k(obsd), are taken from
the literature;”-30-32 fyrther details are given in the Calcula-
tions.

Combination of estimates of AAH* and of AAS¥ gives a
series of theoretically calculated AAG™ values to be used in
a linear free energy (LFR) expression to predict log k (cycli-
zation). The conventional LFR treatment requires that the
slope and the intercept must both be adjusted for each reaction
series. This is so because we have no way at present to calculate
absolute rate constants (intercept) nor can we predict the
sensitivity (slope) of a given reaction series to the varying
structural parameters. This situation holds for steric effects
as well as for polar effects.!6® Thus the Taft E values correlate
steric effects in acid-catalyzed esterification and hydrolysis
of ethyl esters with unit slope (by definition), but the required
slope differs for other esters and for alkaline catalysis.!6®

The conventional LFR approach would be to obtain slope
and intercept for the equation

logk =a' + b’AAGH (14)

but we prefer to adopt a somewhat unconventional LFR
treatment that is more appropriate to our assumption that
AAS#* values of Table I and AASM¥ values are to be used

without adjustment; this requires the equation

30° Br

Transition-state
(CH3);NCH,CH,;CH,CH Br.

Figure 3. model for  cyclization  of

—RT 10g kting = a + bAASE* + AASM* — TAAS#
=a+ AAG* (15)

The intercept a is the predicted —RT log kintermolecular and the
slope b is a fraction that adjusts the span of the strain-energy
part of AAH*.

Steric energies presented in Tables IT and 111 were calculated
by the force field described below; these define a “tight” model
of the transition state having a nearly normal N...C bond.
Although this choice apparently leads to too much crowding,
the relative AASE;* values give an excellent quantitative
prediction of relative rates if all are reduced by 37%, that is,
scaled by the factor b = 0.63, eq 15; see footnote ¢, Table II.
A “loose” mode! based on the opposite extreme with a long
N--C bond also gave somewhat too great a range of AASE;¥;
the scaling factor here is 0.81. Agreement between observed
and calculated log k values is about equally good for either
model.

A least-squares computation of @ and b of eq 15 for a linear
free energy relationship is a generalization of the double dif-
ference formalism of eq 13. The correlation coefficient provides
the best available objective measure of goodness of fit,3? and
our value of r2 = 0.987 (6 df, s = 0.34) shows that direct
computation of steric effects from molecular structure is now
capable of giving steric correlations comparable to the best of
the empirical linear free energy treatments;3® the latter are not
generally capable of treating steric effects.

There are regrettably too few data to carry out an adequate
evaluation of the ring closure of the dimethylamino derivatives.
The available results are summarized in Table 111. We did not
attempt to obtain a scaling factor for the these AH* values
since work in progress will permit a more definitive evaluation
in the near future.
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Table I11. Steric Energies and Relative Rates of Ring Closure for w-Bromoalkyldimethylamines®
SE SE log k¢ log &/
reactants reactants SM# (TS) AAH ¥ AAS Fed AAGoF obsd caled
1 Me;N + EtBr 3.39 0 27.65 —4.73 0 —-4.73 —4.55
2 EtNMe; + n-PrBr 4.58 0 33.57 0 0 0 -7.27
3 Me;N(CHy)3Br 4.54 0.27 33.54 -0.26 24.1 —7.44 —4.28 —2.98/
4 MeyN(CH3)4Br 5.15 0.56 27.93 -6.77 21.2 -13.09 0.28
5 MeaN(CH3)sBr 5.79 0.76 30.12 —-5.42 12.8 -9.23 —-1.95 -1.95
6 Me;N(CH,)6Br 6.27 0.90 36.44 0.28 15.5 —4.34 —4.77 —4.77

@ Units kcal, mol, s, 298 K. ? Statistical-mechanical correction taken from alkane values: ref 11, 19. ¢ Relative to reaction 2. ¢ From Table
I. ¢ Fromref 7./ Log k = =7.2728 — 0.576TAAG, exact fit to reactions S and 6./ Increased by 3 kcal since force field underestimates strain

of four-membered rings.

Table 1V, Differential Enthalpies, Differential Intrinsic Entropies, and Differential Free Energies of Ring Closure

n AAH AAS AAG AAG*
3 27.49¢ 25.22¢ (26.30)4 19.97¢

4 26.45 23.49 (23.43) 19.45 0.34¢
5 6.47 (6.51)% 21.23 (20.56) 0.14 (0.38)/ —5.46
6 0.46 (0.51) 12.06 (12.10) -3.13 (=3.10) -2.93
7 6.29 (6.57) 14.84 (14.83) 1.87 (2.15) 0.45
8 9.69 (10.65) 11.77 (11.96) 6.18 (7.09)

9 (14.09) (9.09) (11.38)

10 (14.83) (6.22) (12.98)

1 (13.63) (3.35) (12.57)

12 (9.94) (0.49) (9.79)

15 ~2.0 (-8.12) (~4.4)

2 AH{cycloalkane) — AH(alkane) — 10.07; the — 10.07 is AH for eq 5. Entries are AAH (eq 6) = AH (eq 4) — AH (eq 5); based on observed
values from ref 41. Units kcal mol~!. # AH{(cycloalkane) — 4.976n; based on calculated AH for cycloalkanes reported in ref 25. ¢ S¢(cycloalkane)
— St(alkane) + 31.21 — 1.987 In (24.47) + 1.987 In (21/18) + 5.19 + 1.987 In 18; latter two terms are for eq 5; the standard reference state
is gas phase, | M. Units cal deg~! mol~!. ¢ From Table |, and, except for n = 6, from eq 7. ¢ From a and ¢; units kcal mol~!./ From b and

d. 2 From Table 11 (eq 15).

Discussion

We consider four major aspects of the computational results:
(1) the origins of the failure of the Ruzicka hypothesis in
predicting rates of SN2 ring closure of rings for n = 4, 5, 6, and
7, (2) the quality of the experimental data; (3) the gem-dialkyl
effects; (4) the modern status of the Ruzicka hypothesis.

The differences in predictions of relative rates of Sx2 ring
closure based on product rings as models for the transition
states (original Ruzicka hypothesis) and relative rates based
on the trigonal-bipyramid model of the transition states arise
entirely in the enthalpy terms; the two models use identical
entropy estimates. There is a 26 kcal/mol difference in AAH
for eq 6 between cyclobutane and cyclohexane (Table 1V),
while the difference in AAH* for the transition state for eq
9 is 10.6 kcal/mol. The two models therefore differ by a factor
of 2 X 10'! in predicted relative rates for four-membered rings
vs. six-membered rings due to differences in enthalpy predic-
tions.

Although the steric energies of a molecule are the resultant
sum of many factors, it is possible here to identify the major
factor: introducing the roughly 90° angles of the trigonal bi-
pyramid (Figures 1-3) introduces a large steric strain for all
S~\2 reactions. This strain is particularly unfavorable for in-
termolecular reactions, and for closure of all rings from n =
5 on up. But the strain in the transition state for n = 4 is not
greatly larger than the strain in product cyclobutane. In other
words, the product rings do not adequately represent the lev-
eling effect of the strains in the several transition states, the
four-membered ring being way out of line. The AAH, AAG,
and AAG® values are shown in Figure 4.

The contrast between the five- and six-membered rings is
more subtle. Cyclopentane is strained with respect to cyclo-
hexane by about 6 kcal/mol,2® but the two transition states
have almost the same AAH*. The equal AAH¥ circumstance
arises from a combination of many relatively small terms; for
example, the symmetrical staggering of hydrogen atoms in

cyclohexane is spoiled in part for the transition state, so that
there is more angle strain, and nonbonded interactions between
hydrogens are enhanced; on the other hand, the transition state
for the pyrrolidinium ion still has considerably more torsional
strain than does the transition state for the piperidinium
ion.

Turning next to the experimental data in Table 11, there are
certain limitations of accuracy. For example, the Freundlich
values are reported only to one significant figure. Also the re-
ported pyrrolidine ring closure rate was not directly observed
but was instead interpolated from rates of reaction of the
chloroalkylamines.”0-3! The Brown and van Gulick study was
evidently a preliminary report,3? and it presents single observed
rate values for most of the compounds. Furthermore, we had
to convert these observed values to absolute rate constants at
25 °C, and, while our arithmetic does not alter relative rates
in either the Freundlich or the Brown and van Gulick series,
it does leave some uncertainty as to overall compatibility be-
tween the two series. The residual errors of the correlation then
are hardly greater than the experimental uncertainties of the
data. To put matters in perspective, it is unlikely that any of
the reported rate constants are in error by much more thana
factor of 2; we would expect that errors in relative rates within
each series will generally be less than 20%. There were dif-
ferences in the solvents in the Freundlich series and in the
Brown and van Gulick series, but both were predominantly
aqueous. The range of experimental data is insufficient to
warrant any extensive examination of force fields.

The gem-dialkyl acceleration on progressing from dimethyl
to diethyl to diisopropyl substitution, entries 8, 10, and 11 of
Table 11, arises from differential crowding in the ground-state
molecules. The 100-fold difference between 1,1-dimethyl-4-
bromobutylamine, entry 7, and 2,2-dimethyl-4-bromobutyl-
amine, entry 8, arises primarily from less crowding in the
ground state, due to fewer gauche interactions {entry 7) and
to a small additional extent from added crowding in the tran-
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Figure 4. Thermodynamics of ring closure of cycloalkanes (eq 6) (0 Q);
AAG# for closure of Br(CH;)»-1NH; (experimental and theoretical
values coincide for n = 4-7 and for n = 15) (®); and experimental AAG*
for closure of Br(CH2),-2COO~ (®). The lactone data are taken from
ref Ic. AAG*(lactone) = —1.58(log k + 0.66) and the 0.66 value comes
from ref 46 as an appropriate average value for —log & for the intermo-
lecular reaction. See Table 1V.

sition state (entry 8). It is clear that prediction of relative rates
must consider both ground states and transition states and that
qualitative predictions will be valid if both effects operate in
the same direction or if one is dominant.

Entry 9 of Table I1 is a neopentyl system; the neopentyl ef-
fect is rate retarding while the concomitant gem-dimethyl
substitution is accelerating. Perhaps the best comparison is
between entries 8 and 9. The calculated retarding effect here
is 2.4 while the observed is 2.9 (log k units). For the open chain,
entries 1 and 2, the calculated neopentyl retardation is 2.9.
Such numbers are further subject to various secondary effects
due to ground-state repulsions between Br and CHj3 groups and
the calculated retardation would vary somewhat in larger
molecules having the neopentyl moiety.

In halide exchange reactions the Ingold data show an av-
erage value of 40 000 for k(n-PrX)/k(neo-PeX) for six re-
action series, an average of 4.6 in log k'9242 Calculated AASE
values are pretty much the same: 6.3 (Table 11) for R’'NH, +
RBr and 7.0 for Br~ + RBr.!62 The calculated difference in
AAH#F for the two types of nucleophile arises primarily from
the b = 0.63 factor ineq 15.

It appears that there are relatively large medium influences
on steric effects which will require sorting out. For example,
ps = 1.000 by definition for acid-catalyzed hydrolysis of
RCOOEL.!4 Yet Milstien and Fife report p; = 0.47 for
“spontaneous”” hydrolysis of RCOOCsH4NO»-p*3 while the
Harfenist and Baltzly data require p; = 1.9 for acid-catalyzed
alcoholysis of RCOO-B-naphthyl in i-PrOH.43® For a rela-
tively small AE; of 2, A log k would be either 1 or 8 depending
on the reaction system, a very large difference.

Models of the transition states for three reactions are shown
in Figures 1-3. There is appreciable distortion away from the
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conventional symmetrical trigonal bipyramid. The departure
of the N-C,-Br angle from linearity constitutes a general
mechanism for diminishing interference with the 3 substituents
of RCH,Br.!516 The nonplanarity of the C-C,-(H)2 grouping
in the present study arises from the adoption of a relatively
short N-C, distance. The structure is therefore “product-like.”
Figure 2 shows the relatively high degree of crowding in the
reaction of n-propyl bromide with ethyldimethylamine, while
Figure 1 shows the situation with the less hindered ethylamine,
Figure 3 shows a typical ring closure. The unsymmetrical ap-
pearance in Figure 3 is one evidence of crowding. Cartesian
coordinates for these three transition states are presented in
the supplementary material. Summaries of the geometries for
the C, region for all transition states are presented in supple-
mentary Table S.1.3° Crowding has the greatest effect on the
N-C,-Br angle, which may be as small as 150°. There is also
a considerable effect on the C-C,~N angle. Other angles re-
main within a 10° range for all examples. The detailed parti-
tioning of the steric energies is presented in Table S.11.3°

The Ruzicka Hypothesis 50 Years Later. The Ruzicka hy-
pothesis was a significant step in developing a theory of ring
closure. It correctly recognized that both probability factors
(entropy) and energy factors (strain, enthalpy) must be con-
sidered. It is clear from the discussion that the authors were
aware of loose ends: the hypothesis does not really account for
the then known facts that large rings can be made while at-
tempts to make intermediate-sized rings (n = 9-11) encoun-
tered difficulties of vanishingly low yields. The relative im-
portance of entropic and enthalpic factors was in fact com-
pletely misjudged. The modern statement of the Ruzicka hy-
pothesis in terms of thermodynamics of alkane to cycloalkane
ring closure (eq 6) is summarized in Table 1V and in Figure
4, The standard state is taken as | M gas phase at 25 °C and
the cyclization reactions are referenced to the corresponding
intermolecular reaction. The AAH values are based on ex-
perimental data through cyclooctane*! and are based on the
Schleyer values for larger cycloalkanes (for consistency with
the calculations summarized in Tables II and I11). The cal-
culated AAH values for n = 8-12 reflect the effects of hy-
drogen crowding in the intermediate-sized rings. We have
estimated that AAH will be 2 kcal/mol for n = 15; quantita-
tive data are lacking.

The entropic progress (TAAS) (Table I, Figure 4) is linear
up through about C,; (except for cyclohexane) but the curve
should begin to level somewhat as n becomes still larger since
the large rings will have increasing freedom of libration.

In Table IV and in Figure 4 are also shown AAG® for ring
closure of Br(CH3),—;NH; to cyclic immonium ions. The
experimental values and the theoretical values effectively
coincide. Except for n = 4 and n = 5, which fail spectacularly,
there should be quite good quantitative agreement between
AAG and AAG™; cycloalkanes are good analogues for cyclic
iminium ions, and the special transition state geometry be-
comes a progressively smaller perturbation as  increases. The
data for testing these predictions are limited. Salomon*4 reports
rates of cyclization of large bromo amines in 30 mol % iso-
propy! alcohol at 73.3 °C: for n = 7 (k = 330 X 10~* min~!
in ref 44c or 1500 X 10~% min~! from the temperature data
in alcohols in ref 44b), for n = 14 (8.5 X 1074, 0r 3 X 10~ to
be consistent with yields in ref 43d), for n = 15 (7 X 1074, or
14 X 10~* based on yields), for n = 17 (19 X 104, which is
consistent with yields). The rates of the intermolecular reac-
tions are reported to be from 0.01 to 0.2 M~! min~!, but these
are only moderately consistent with yields. The imprecise ex-
perimental AAG¥ values for these rings therefore range from
2 10 4 kcal/mol for n = 14-17 and are consistent with the
guesses of AH ¥ for large rings. It appears that cyclic products
are not formed from rings of intermediate size** and this is
also consistent with predictions.
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It is clear that ring closures of other systems cannot all be
predicted by any single curve. Various structural types such
as cyclic peptides or lactones will follow different curves. We
illustrate these considerations with two examples. The theo-
retical calculations of Allinger®® on cyclic ketones show a lesser
crowding for intermediate cyclic ketones than for cycloalkanes
by several kilocalories per mole. The AAH* and the AAG*
curves for the cycloalkanones will therefore have a lower
“bump” in the n = 8-12 region. The bump should be still lower
for lactones since replacing a CHa group by an oxygen atom
will reduce across-ring hydrogen repulsions. Theoretical cal-
culations have not yet been made, but the experimental data
of the Illuminati group!® on lactone formation from
Br(CH3),,—-2COO- show such a trend. The lactone points are
shown in Figure 4.

It is also obvious that no simple curve can suffice to show the
numerous possibilities due to alkyl substitution nor to the even
more complex polycyclic systems. In principle steric effects for
nearly all possibilities can now be quantitatively predicted by
the procedures used in the present study.

Calculations

The Force Field. Details of the force field are summarized
in Table V. This is an extension of the force fields we have used
in previous studies.!1:162640 Based on experience in other
studies, the relative results are not expected to be sensitive to
modest variations in the constants. We rely primarily on the
fact that the hydrocarbon portion of the force field is based on
values developed by Schleyer’s group and has been shown to
give generally reliable results from hydrocarbons.!:25:26 To
this we have added values for nitrogen and for bromine which
have given useful values in earlier studies. For the transition
state we assume that the N-C bond is fairly close in length to
the bond in the product. The other assumptions are similar to
those we used in our study of the bromide exchange.'¢ Calcu-
lations were also made with other N-C bond distances derived
from weaker N-C,, force constants.

Entropies. All data were taken from ref 41. For n-alkanes
from propane through octane the intrinsic entropy of forma-
tion, using ¢ = 18 (symmetry number), is given for 1 M gas
phase, 298 K, by Sin. = 42.144 + 9.402n where n is the number
of carbon atoms; s = 0.1. For cycloalkanes with n = 3-5,7, 8,
Sine = 41.255 + 6.534n, s = 0.54. Chair cyclohexane is omitted
in calculating the slope and intercept since the relatively rigid
structure has an exceptionally low entropy.

The assignment of symmetry numbers to restricted rotors
such as methyl groups and to rings which are not pseudorota-
tors is at best an approximation. We have used ¢ = 2x for all
rings except for cyclohexane, for which we use Benson’s value
of 6.28 In fact the linear equation is also an approximation since
the correct form should have a In n term; however, the curva-
ture is small over the range n = 4-15, and the linear approxi-
mation introduces negligible error. The entropy values in Table
I may have systematic errors, but they have been consistently
derived from the experimental alkane data with no adjust-
ments.4

For alkylated C¢-Cg Sy = 42.144 + 9.402n — 1.394 (for
first alkyl side chain) — 2,031 (for second alkyl side chain). The
standard deviation is 0.4 for 21 compounds. The positions of
the alkyl groups are immaterial. Intrinsic entropy was based
on structural symmetry corrections as follows: for R3C-X (Cj,
o, = 3), and for (CH3)2CH(CH3),-¢CH(CH3)2 (o5 = 1.5
average). All other structural factors used g = 1; in each case,
ome = 3% where k is the number of methyl groups; o = g,ome.
For the five dimethylcyclopentanes S;,, = 91.92 £ 0.2 and for
the seven dimethylcyclohexanes Sin = 93.1 £ 0.9, irrespective
of position of substituents. The reported entropies are not all
independent.

The intrinsic entropy of eq 4, ASin(ring) = 23.968 — 2.868n
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Table V. The Force Field
refe force constant® cubic
Bonds

C-Cs¢ 1.52 4.4
C-H-¢ 1.10 4.6
C-N 1.46 4.6
C-Br 1.94 2.6
Ca-N 1.47 2.8
Ca-Br 1.94 0.066

Angles
H-C-H(P) 109.2 1.005 X 10~4  —9.,65 X 1077
H-C-H(S) 109.1 1.005 X 1074  —=9,65 X 1077
H-C-C(P) 109.5 1218 X 1074 —1.170 X 1076
H-C-C(S) 109.0 1.218 X104 —1,170 X —6
H-C-C(T) 109.2 1.218 X 1074 —1.170 X 1076
C-C-C(S) 110.4 1.736 X 1074 —1.667 X ~6
C-C-C(T) 110.1 1.736 X 104 —1.667 X 10~6
C-C-C(Q) 109.5 1.736 X 1074 —1.667 X ~6
H-N-H 106 9 X 1075
H-N-C 112 12x1074
C-N-C 109 1.7 x 4
H-C-N 109 1.2x 1074
C-C-N 110 1.7 X 1074
C-C-Br 110 1.25 X 1074
H-C-Br 110 1.15x 1074
H-Ca-H 109.5 6.7X 1075
H-Ca-C 109.5 82X 1073
H-Ca-N 105 6 X103
H-Ca-Br 105 6 X 1073
C-Ca-N 105 6 X 10—
C-Ca-Br 105 6 X 1073
N-Ca-Br 180 3X 1035

Torsions
H-C-C-H barrier 1.617 X 1073
H-C-C-C barrier 1.617 X 1073
C-C-C-C barrier 1.037 X 10~3

Nonbonded

H--H 45.246 -3.75 —0.597
H...C 33.853 —3.582 —0.5880
C-C 107.402 —-3.1169 —4,2981
H«-Br 44.490 —-2.62 -10.55
C.Br 99.47 -2.82 -7.74
H«N 33.853 —3.582 —0.5880
CeN 107.402 -3.1169 —4.2981

@ Distance in angstroms, angles in degrees. # Units are mdyn A r—2,
mdyn A deg=2, mdyn A barrier, mdyn A deg3. The terms are used
as follows: V = (4.4/2)(r — 1.52)%, ¥ = (1.218/2) X 10744 -
109.5)2 = 1.170 X 1076(4 — 109.5)3. The barriers are s the total and
are applied to each separate torsional interaction. The Buckingham
nonbonded functions are defined as follows: Vyy = 45.246
exp(—3.75r) — 0.597r76. 1 mdyn-A/molecule = 143.7 kcal/mol.
¢ Also used for Ca-C and for Ca-H. Ca is the carbon atom at which

substitution is occurring. For alkylated Cs~CoSjp = 42.144 + 9.402n
— 1.394.

= ASrim(cycloalkane) — ASy,n(alkane) + AS(H;)(= 31.21)
— R In 24.47. The intrinsic entropy of eq 5, AS,(inter) =
10.93 = —42.144 + 31.21. Cyclization reactions such as 3-
methylpentane to methylcyclopentane, 2,2-dimethylpentane
to dimethylcyclopentane, and the corresponding two cyclo-
hexane closure all have AS;,(closure) = 2.81 £ 0.15 gibbs +
ASin(unsubstituted). Closures of 2-methylhexane to 1,1-
dimethylcyclopentane or 2-methylheptane to 2,2-dimethyl-
cyclohexane (flexible) have AS;,(closure) = 0.72 £ 0.2 +
AS'in(unsubstituted).

Estimation of Rates of Cyclization. Brown and van Gulick32
report “observed” rate constants for ring closure in acetate
buffers. We have converted these observed values to absolute
rate constants by estimates of the pH of the buffers and the
pKrnH,+ of the amines. We based the pH estimates on Boyd’s
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nomograph using the pH of the 1:1 buffer of appropriate total
ionic strength and corrected for the buffer ratio by adding or
subtracting 0.30 or 0.60.4° The heat of ionization of carboxylic
acids is nearly zero, and of RCH,NH % is 13.7 kcal/mol.30 We
took the pKrnmus+ values for several amines from the hand-
book.’! We used 1.5 X 10~!! as the average, which when
corrected to 30 °C was 2.17 X 10711, The overall expression
is log K = log Kobsa — pH + 10.66. Although 4-bromo-2,2-
dimethylbutylamine is represented by eight reported values,
the other compounds are represented by one or two measure-
ments. The reported k,pga value for 4-bromo-2,2-diisoprop-
ylbutylamine is apparently in error by a factor of 100 as judged
by the entries in the kr column of the table in ref 32. We
corrected the rate constants from 30 to 25 °C using Ea =
15.000. The Freundlich values’3! were converted from units
of min~! tos~1.
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