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The transition state is a mental construct facilitating discussion of chemical reactivity. So important is 
the transition state concept that organic chemists are exposed to it from the start of their training.’ 
Physical organic chemistry has as one of its major objectives the detailed description of transition states. 
This has culminated in the construction of complex energy surfaces* and of pictures, often quite 
elaborate, showing partial atomic charges and bond orders? 

Partial atomic charges and bond orders are estimated from isotope effects and Briinsted coefficients, For 
example, Bdeuterium isotope effects (kCu&-,J were measured for the following carbonyl reactions:’ 

CH CO- + 2 4-(NO ) C H O-!CD kcH31kcD3 
3 2 1 22 6 3 3 0.950 

HO-+C H O-!CD 6 5 3 0.980 

The isotope effects are consistent with “fractions of reactant progress” at the transition state of 0.37 and 
0.15, respectively.’ 

Most chemists would agree that a partial bond order or a fraction of reactant progress almost 
certainly represents a weighted average derived from an array of transition state geometries. Yet little 
agreement exists as to what the arrays look like. Jencks’ has written, for example, that “ . . *many 
transition states have a hi degree of order and low entropy”. Duni& refers to “a strongly preferred 
orientation for nucleophilic attack” in carbonyl additions. Koshland’ has proposed that a lo” misalign- 
ment of reactant groups relative to an ideal orientation causes a large decrease in rate. We, on the other 
hand, believe (and will provide evidence) that transition states are often floppy and disordered. The fact 
of the matter is that chemists have only a vague notion as to the pliability of transition states in solution, 
and that consequently they are unable to assign significance to numbers such as “62% bond breakage”. 
Does this value mean that most transition state con~bu~rs fall within the 62 +5% range? Or is the 
distribution curve broad so that a substantial number of contributors possess greater than 72%, or less 
than 52%. bond breakage? One would like to know, in short, the width of the saddle on which the 
transition state lies. 

1013 



1014 F. hi. MENGER 

Transition state structure in organic chemistry is commonly described by means of computer- 
generated contour maps.8 We ourselves couple theory with experiment later in the article. But a word of 
caution about energy diagrams is necessary. Their shapes are based on potential energy calculations in 
the gas phase%‘* that have at least two major deficiencies: (i) Reactivity is related to changes in free 
energy, not potential energy. Since potential energy needs a kinetic energy term to give internal energy, 
and since internal energy needs a PV term to give enthalpy, and (most importantly) since enthalpy needs 
an entropy term to give free energy, the relationship between reactivity and potential energy is diffuse at 
best. (ii) Gas phase calculations are not always germane to solution chemistry. Anyone knowing that the 
gas phase basicity of pyridine is substantially greater than that of ammonia13 appreciates the danger of 
extrapolating from gas to liquid. Mushiness in solvent organization surrounding the transition state 
precludes, apart from any other reason, a literal acceptance of energy curves. In particular, it is a 
mistake to endow underserved reality to the frequently-cited “saddle point” implying a single transition 
state with a definable degree of bond breakage and formation. Instead, the transition state undoubtedly 
possesses multiple bending modes of low restoring force. The transition state would thus lie in a broad 
energy valley and encompass a host of geometries each with characteristic partial atomic charges and 
partial bond lengths. 

Having emphasized the flexibility of transition states, we can now consider the concept of a “reaction 
window”. For example, the reaction A t B - C + A - B + C could occur oiu a “cone” of trajectories: 

Each trajectory, linear and otherwise, is associated with a pa~icular degree of A-B bond formation and 
B-C bond cleavage. Observed bond orders, determined by isotope effects as mentioned above, represent 
values averaged over the entire window. The larger the 8, the smaller the significance of the experi- 
mentally-determined bond order. It is as if “43” is used to describe the age of a human population; the 
number provides only low quality information on a population of widely divergent ages. Note that there 
is a finite probability that reaction succeeds with trajectories lying outside the window. The dotted lines 
merely indicate the approximate size and location of the window within which the bulk of the reaction 
occurs. Backside SN2 displacement obviously falls inside the reaction window whereas frontside does 
not: 

\ 
Y- -x r kX 7 ‘Y 

Backside Frontside 

Ideally, we would like to know if backside but non-linear trajectories are permissible and, if so, how 
successful they are relative to the linear geometry. In other words, we would like to define the reaction 
window of SN2 substitutions, and all organic reactions, in as great a detail as possible. 

Since our “cone” model places all the transition state flexibility into a single coordinate, it can be 
justifiably criticized as highly artificial. The hope is, however, that the model is somewhat less artilicial 
than the one which discounts flexibility altogether. The hope is also that the model stimulates the design 
of interesting experiments. For example, one can inquire as to the relative rate of carbonyl addition when a 
nucleophile is fixed in two different loci with respect to the carbonyl: 

An experiment of this type requires, of course, the synthesis of rigid systems-not usually an easy task. 
It is for this reason, perhaps, that so little is known about the directionality of organic reactions. 
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Directionality is a fundamental component of chemical reactivity. For example, backside preference 
in SN2 reactions (crude as this statement of directionality might be) predominates over all other 
mechanistic aspects of bimolecular substitutions. No reaction is adequately described in the absence of 
information on its directional properties. The dependence of reactivity on directionality has important 
biochemical implications as well. If reactivity diminishes only slowly upon deviating from an optimal 
angularity ((i.e. if f? is large), then a set of catalytic groups at an active site need not be precisely aligned. 
If, on the other hand, reaction windows are narrow, then a slight mis~~ment causes a serious rate 
decrease. Transition state pliability and enzyme specificity are closely allied. 

In concluding this introduction, I should point out that what follows is not a review. Directionality of 
organic reactions in solution is too undeveloped a subject to warrant a review at present. The reader will, 
instead, encounter an assorted collection of observations which bear in some manner on the question of 
directionality. The article is laced with theory, experiment, and conjecture (some of it unpublished) 
originating from the research group of the author. 

CARBONYL ADDITIONS 

Bender” was one of the first to consider the trajectory of carbonyl additions. He pointed out that the 
lactone below saponifies ten times faster than an ordinary aliphatic ester. Since a backside approach 
colinear with the lactone carbonyl is totally blocked, nucleophiles must prefer a trajectory above or 

below the O/C/O plane. Along similar lines, Speckamp” showed that the borohydride reduction of 
gemdisubstituted succinimides takes place preferentially at the seemingly more hindered carbonyl 
adjacent to the gem substituents: 

R @CL 
!H3 

wahoo 
3 3 

MAJOR MINOR 

For example, the product ratio with R = CHI equals 79: 21. When R = C6HS, reaction occurs excfusiuely 
at the carbonyl near the gemdiphenyls. This remarkable regioselectivity was attributed to the hydride 
following a trajectory that is above, but not perpendicular to, the plane of the ring: 

The gem-substituents tend to block the corresponding trajectory leading to isomer& product:16 
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Lehn” carried out ab inirio calculations on the minimum energy path taken by hydride upon adding 
to formaldehyde. When the H- approaches the carbonyl up to a distance of 3 A, it follows the H/CO/H 
bisector in the plane of the carbonyl (point A, Fig. 1). As the H * * * CO distance decreases to 2.5 A, 
interactions between the H- and the two formaldehyde protons cause the H- to rise 55” out of the 
carbonyl plane (point B). Little energy change or distortion of the carbonyl planarity occurs to this point. 
Final approach of the H- to the bonding distance (B to D) is guided by the P* carbonyl orbital and is 
accompanied by a rapid conversion to a tetrahedral carbon. The calculations indicate a continuous 
energy decrease as the H- moves toward the carbonyl. In other words, no transition state is detectable 
by the MO method. Despite this worrisome feature, one can examine the ease with which H- departs 
from its favored path. Thus, at a Ha** CO distance of 2.5 A (point B), it requires only 0.6 kcal mol-’ for 
the H- to shift as much as 0.3 8, off the path toward the carbonyl plane. A 20” lateral angular 
displacement parallel to the carbonyl plane costs roughly 2 kcal mot-‘. Although these energy increments 
increase for H- positions closer to the carbon, there is clearly a fair degree of wobble in the reaction 
pathway. If we could peer into the private lives of reacting atoms, they would seem intoxicated. 

Dunitz’* used a crystallographic method to describe “reaction paths” for carbonyl additions. The idea 
was to examine by X-rays several compounds bearing both a carbonyl and an amino group. The carbonyl 
carbon and amino nitrogen could in each case interact intramolecularly, thereby distorting the carbonyl’s 
planarity, C=O bond length, etc. The hope was that by observing structural parameters in a series of 
increasingly deformed carbonyls, the reaction path for carbonyl addition could be mapped (as in still 
photographs of a moving object). Figure 2 shows three of the compounds included in the study. 
Underneath the compounds are four structural parameters: d,, the N ***CO distance; dl, the C=O bond 
length; A, the distortion of the carbonyl from planarity; and fl, the N/C/O angle. It is seen that the 
shorter the N . ..CO distance, the longer the GO bond length and the greater the deviation of the 
carbonyl group from planarity. Moreover, there is no doubt that the nitrogen approaches the carbonyl 
along a direction roughly 110” to the C=O bond rather than perpendicular to it. This agrees with the 
gem-disubstituted succinimide work mentioned earlier. The preference for an N ***CO angle near the 

Dreiding Model Observed 

tetrahedral value is also illustrated by the aminoketone above.19 An undistorted Dreiding model of the 
molecule gives an N*. *CO angle of 90”. In actual fact, the molecule bends so as to generate an N ***CO 
angle of 110”. 

Fig. I. Minimum energy pathway for addition of hydride to formaldehyde. The formaldehyde lies 
perpendicular to the page. Data are taken from Ref. 17. 

in a plane 
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N 

d, = 2.91 A d, = I.PIA d, = IMA 

dz = 1.21 A dl= 1.26A dz= 1.38A 

~=o.wA A = 0.21 A A = 0.36 A 
e= 105" 8=11CP t?= 111” 

Fii. 2. Distances and ar@es of three compounds with intramolecular interactions between amino and carbonyl 
groups; d, = N.. . C distance, d2 = carbonyl bond length, A = distance of C from RR0 plane, and 0 = N/C/O angle. 

The Dunitz solid state approach to reaction trajectories does not, despite its great interest, provide 
information on reaction windows. X-ray structures may suggest an optimum trajectory, but they tell 
nothing about other concurrent trajectories. Collectively, an array of non-optimal geometries could well 
dominate a reaction pathway (similar to intermolecular hydrogen bonding where greater than half the 
population deviates by 20” or more from the lowest energy linear conGguratio#‘). Spectroscopic studies 
on transannular interactions in the compound below bear on this matter. Infrared data indicate a large 
(0.5 A) change in the N . . . CO distance when the solvent is shifted from chloroform to cyclohexane.2’ 

Such a susceptibility of geometry to small solvent perturbations demonstrates that the transition state 
for nucleophilic addition to carbonyls lies not on a saddle “point” beneath steep walls but rather in a 
shallow “glaciated” uolley where a multitude of geometries are within reach. 

We have examined the rate of nucleophilic attack on a carbonyl carbon by imidazoles having zero, 
one, or two methyl groups adjacent to the nitrogens.= 

HN /N + 
Y 02- 
R 

Inasmuch as the methyl groups engage in non-bonded interactions with the ester, the reaction is 
impeded. It is seen from Table 1 that a second methyl in proximity to a nitrogen has a much more 
profound effect on the rate than the first. This cannot be attributed to basicity because the pK, values 
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Table 1. Activation parameters and relative rates at 25.0” for the acytation of imidazole bases with p-nitrophenyl 
acetate in water 

Nucleophfle k ml 

lmidarole 6.95 7.5 -35 Ma 

2-Hethylimidazole 7.86 9.0 -33 34 

2.4.GTrimethylimldaroleb 8.86 10.9 -33 1 

a Second-order rate constant for this reaction equals 0.513 R-' set-'. 

b This coapound was investigated because both nitrogens are banked by two methyl 
groups. 2,4-Di~thylimidazole has non-egufvalent nftmgens and was thus avoided. 

increase uniformly with methyl substitution. But the results can be explained quali~tively with the 
following postulates: (a) If the reaction window is narrow (a single trajectory in the extreme), then the 
effects of the methyl groups should be roughly additive. In other words, the ratio of kH,n to kMe,n 
should approximate the ratio of kkIeH to kklc+ This presupposes little shortening of the N/C partial 
bond with methyl substitution in agreement with the work of Arnett*l and of Johnson.*‘ (b) If the 
reaction window is wide, a single methyl group should induce a relatively minor rate retardation because 
the nucleophile has the maneuverability to direct the methyl group outwardly and thus minimize 
non-bonded interactions. A second methyl group should, however, cause a more severe rate perturbation 
because shifting one methyl away from the ester brings the other one closer. Since the effects of the 
methyl groups are definitely not additive (Table I), a single trajectory mechanism seems unlikely. Note 
from Table 1 that the rate differences arise mainly from changes in AH* (not AS*), suggesting that 
non-bonded interactions as opposed to solvation effects do indeed govern the behavior. In general, for a 
given reaction type, the following relation would be expected: the longer the partial N-C bond in the 
transition state, the larger the volume of space within the “cone” available to the nucleophile, the 
smaller the effect of the second methyl group over and beyond that of the first. This expectation has not 
yet been adequately tested?’ 

Baldwin has pointed out the importance of trajectory considerations to synthetic organic chem- 
istry.26*27 He devised a set of qualitative rules which are now accepted as useful guideiines. In- 
tramolecular additions to carbonyls and other trigonal groups were classified into two types, exe and 
endo : 

A-B- 
RX0 

- c 
I 
X 

Thus , “7-em-frig” signifies an exo addition to a trigonal system that creates a seven-membered ring. 
Baldwin’s rules state: (a) 3,4,5,6 and 7-$x0-r& reactions are all favored; (b) 3.4, and 5-endo-trig are 
disfavored, whereas 6 and 7-endo-trig are favored. The ease with which an intramoIecuIar addition 
occurs seems to depend on whether or not the chain-length is sufficiently long to permit a reasonable 
trajectory. Favorable reactions all have larger WA/B angles (i.e. angles closer to 110’) than disfavored 
ones: 

FAVORED DISFAVORED 



Examples are numerous: 

Directionality of organic reactions in solution 1019 

(a) The ester below cyclizes cleanly in base to the lactone (5exe-trig) with no trace of cyclic ether 
formation (5endo-trig): 

COOCH3 COOCH3 
*-eNDD-TIICi 

Since methoxide adds readily, Michael fashion, to the S-exe-trig product, one cannot attribute the 
absence of cyclic ether to an inert $&carbon. 

(b) S-Phenyl-3-pyrazolidinone is formed in a S-exe-trig process but not in the S-endo-trig counter- 
part: 

Note that “disfavored” does not necessarily mean “disallowed”; disfavored products can sometimes 
be obtained at elevated temperatures. za*T) This is not surprising because reaction cones ought to expand 
with temperature. A particularly interesting exception to Baldwin’s rules involves a sulfur compound 
that cyclizes at 65” in a ~-e~do-~~g mechanism. Sulfur, with its large size and polarizable electrons, 
seems better able than oxygen to accommodate a bent trajectory. 

dOCHI_ CIJCOOCH3 

There is no questioning the utility of Baldwin’s rules and the general validity of his rationale. 
Adherence to Baldwin’s rules does roof, however, establish the presence of strong directional pref- 
erences in the transition states. In this connection, the following points should be made: (i) The most 
impressive examples of Baldwin’s rules are based on product ratios where, for example, a S-endo-trig com- 
petes with a S-exe-trig. Now a product ratio is a sensitive parameter. If the activation energy for a 
S-endo-trig reaction exceeds that of a S-exe-trig reaction by only 2 kcal mol-‘, the product of the latter 
will be obtained in very high yield. This fact, coupled with the inherent reactivity difference between the 
two reactive sites of an ambident electrophile, imparts an uncertainty to the exact magnitude of the 
directional preference. (ii) Whan an 5-endo-trig system is placed in a planar conformation (plane I, Fig. 
31, then the X/A/B angle is relatively large (IOY). But this must be an unreactive conformation because 
X lies here in the nodal plane of the double bond’s ?r* orbital. Rotating X out of plane I toward II, to 
permit orbital overlap, sharpens the X/A/B angle to less than 90”. Moreover, it is impossible, without 
prohibitive strain, for X to position itself in plane II above atom A (where maximum orbital overlap for 
addition at A would normally be achieved). Therefore, any observed reactivity differences between 
S-endo-trig and 5-exe-trig reflect a severe structural impediment, not a subtle deviation from a highly 
preferred trajectory. (iii) Finally, Baldwin’s rules say nothing about the effect of trajectory on a family of 
fuuored reactions within which wide angularity variations are possible. Work from our laboratory, 
described later, addresses this problem. 

No trajectory theory has caused more controversy than Koshland’s “orbital steering”.‘*“‘*” He 
proposed that a misalignment of reactant groups by as little as lo”, relative to an ideal orientation, causes 
a massive decrease in rate. Since there is a hi probability of misalignment when atoms with small 
reaction windows collide randomly, bimolecular reactions in solution are often slow. Enzymes, on the 
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Fie. 3. A S-e&o-trig system in which X and the AB double bond lie in plane I. Although the X/A/B angle is 
relatively favorable, the conformation is unreactive. 

other hand, can impose optimal orientations on interacting orbitals at active sites (orbital steering) 
thereby accounting for a large portion of enzymatic catalysis.30 The evidence for an extremely sensitive 
dependence of reactivity on angular displacement rests mainly on differing lactonization rates found 
among structurally similar hydroxyacids (Fig. 4).32 It is seen that modifying the supporting ring system 
from [2.2.1) to [2.2.2] in compounds I and II leads to a 10” decrease in trajectory angle (arbitrarily defined 
as the angle between the alcohol oxygen, carbonyl carbon, and cr-carbon). A rate decrease of three 
orders of magnitude accompanies the angle change. Similarly, an angle difference of 7” in compounds III 
and IV is associated with a 21-fold rate variation. The question arises, of course, as to whether there 
exists a direct causal relationship between rate and trajectory angle. Koshland thinks there is because, 
he argues, other possible sources of rate perturbations (strain, steric effects, HO/CO distances, etc) 
remain constant in the [2.2.1] and [2.2.2] systems. 

Koshland also carried out experiments with thiol analogs of several hydroxy-acids.m The reasoning 
was that if reaction windows are small, then substitution of oxygen by sulfur ( a large atom with a totally 
different orbital structure than oxygen) could have a dramatic impact on cyclization behavior. We see 
below that replacing OH by SH affects cyclization rates.differently for different systems. This suggests 
that sulfur and oxygen do not have the same orientational requirements, a reasonable conclusion 

kodkw: 70 II0 I I,500 

especially if the reaction window for carbonyl addition is small and selective. Indeed, orbital steering 
theory states that the window is so narrow that a lo” alignment variation can produce a 10 rate effect. 

Adverse response to the orbital steering theory was swift in coming.33-u Bruice,” for example, 
claimed that simple vibrational and torsional amplitudes at room temperature exceed the small but 
kinetically significant displacements implied by the orbital steering model. Although we clearly sym- 
pathize with this retort, it must be stated that opponents of orbital steering relied purely on theoretical 
arguments. No one devoted experimental effort, so impressive in Koshland’s work, to provide alternate 
explanations of the lactonization rates or to define angular dependence more precisely. The matter was 
further clouded by work of Hoare. 3’ He calculated the energy required to form misaligned transition 
states within the contines of a solvent cage. When the constraint of reaction trajectories by solvent cages 
is taken into account, the orbital steering theory is ostensibly upheld, 
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k,.,= II80 1.0 7.6 
160 

O=%” 8691” 105” 98 

Fii. 4. Relative rates of lactonization of four bydroxyacids as a function of 8, tbe angle defined by the bydroxy 
oxygen, carlmnyl carbon, and carbon alpha to the cahnyl. 

In 1980 we reported additional experimental data on the directionality of lactonization reactions.% 
The plan was to secure two hydroxyacids with the following properties: (i) The two compounds must 
have measurable differing angular relationships 0 between their hydroxy and carboxy groups. 

Hlyj:o - n:, 
H 

Since molecular flexibility leads to uncertainty in this regard, a rigid carbon framework is needed to 
support the functionalities. (ii) Despite the angular differences, the initial OH/COOH distances d must be 
the same so as not to introduce a second variable. (iii) The hydroxy groups must possess identical 
inherent reactivities (e.g. one hydroxy should not be primary and the other tertiary). (iv) The lactone 
products must have identical strain energies in order that product stability not infhrence the rates of 
lactonization. Obviously, these stipulations constitute a nonrealizable ideal. The ideal can be ap- 
proximated, however, by a norbornyl system bearing a hydroxy and carboxy group on nonequivalent 
carbons as in V; interchanging the two groups to give VI modifies the alignment while keeping the other 
parameters relatively constant. Thus, force-field calculations on V and VI show that the compounds have 

V VI VII VIII 

similar energies (within 1 kcal mol-‘) and similar 01C2 distances (2.83 and 2.81 A) but contrasting 0,C2Cs 
trajectory angles (70” and 80“). This alignment variation should, if orbital steering theory is correct, 
produce a 10 difIerence in lactonization rates. A similar rate effect would be predicted for VII and VIII 
whose 01C2 distances are both 2.69A while their O,C+Z, angles are 76“ and 85”, respectively. Our 
“reversomers” would seem to be more satisfactory with respect to obeying the four stipulations than the 
12.2.11 vs [2.2.2] systems of Koshland. 

Syntheses of compounds V to VJIl (peripheral to the discussion but not to the success of the project) 
are shown in Figure 5. Note the need to control the stereochemistry at carbons 2 and 7 of the norbomyl 
framework: the 7-hydroxy or carboxy group had to be syn (and not anti) while the 2-hydroxy or carboxy 
group had to be exe (and not endo). Accordingly, key steps in the synthetic scheme include a 
stereoselective NaBH, reduction to syn alcohol and a thermodynamically favored exe formation under 
equilibrating conditions. 

Before discussing the orientation effects on cyclization rates of the reversomers, I should first 
compare the relative ring strains in the corresponding lactones. Table 2 lists their IR carbonyl stretching 
frequencies (a parameter which ranges from 1740 cm-’ for S-lactones to 1840 cm-’ for B-lactones). The 
IR frequencies of V and VI are seen to dilTer by 7 cm-’ and those of VII and VIII by 12 cm-‘. These 
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CH30,,0CH3 

H2 

-CH3 

OOH 

H3 7,s -dsc - H 

COOH 
"Sol 

Fig. 5. Synthesis of compounds used in the studies of directionality of carbonyl additions (Ref. 36). 

Table 2. Effect of structure on Ihe IR aad sapoailkation rates of lactones and on the rates of acid-catalyzed 
lactoniution of hydroxy acids at 23.0” 

kOH- 
k,,+, H-’ 

IR. Id-1 min -1 

angle,a cm -1 min -1 (hydroxy kH+ 

CoWd deq (lactoneJb (lactone) acid) (rel)c 

V 70 1770 45 0.0063 1 

VI 80 1771 7 0.01 1.2 

VII 76 1700 13 0.30 36 

VIII a5 1768 1 0.18 22 

a Represents the angle between the hydroxy oxygen. carbonyl carbon. and a-carbon 
as determined by force-field calculations. 

b IR carbonyl stretching frequency of lactones in CMC13. 

' Relative rate of acid-catalyzed lactonization of hydroxy acids on the base of 
the column directly to the left. 

differences are regarded as small and certainly not indicative of appreciable ring-strain variations. 
Saponification rates, another strain-sensitive parameter, are also listed in Table 2. Lactone VI, with a 
hydrolysis rate sixfold less than that of V, probably has a carbonyl somewhat more hindered from 
external hydroxide. But the effect is trivial relative to the 10’ rate changes found among diverse aliphatic 
lactones.)’ Thus, as one might conclude intuitively from visual inspection of the compounds, interchang- 
ing hydroxy and carboxy groups of V/VI or VII/VIII does not create within the lactone pairs significant 
energy differences which could complicate comparisons of the hydroxyacids. 

Acid-catalyzed lactonizations of hydroxyacids V, VI, VII and VIII have relative rates of 1, I .2,36 and 
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22, respectively (Table 2). The faster rates found for VII and VIII probably originate from steric 
acceleration of the type detected by BunnettM in lactonizations of substituted aromatic hydroxyacids. 
The crucial observation, however, is that V and VI lactonixe at nearly identical rates despite the 100 
difference in alignment between the hydroxy and carboxy groups. Similarly, VII and VIII display 
virtually no rate dependence on orientation within the confines of a 9” variation. We have thus 
demons~ted expe~men~ty for the first time that an angular displacement of a few degrees is not 
kinetically sign~cant. 39 The reaction window is 10” and perhaps much larger. Of course, one would 
prefer to study a wide range of angles, but’ it is impossible to design several norbornyl derivatives 
encompassing a large angle spread while still obeying the four stipulations set forth above. Nonetheless, 
the lactonization experiment illustrates a general approacn which provides information on directionality 
and which warrants further exploitation in the future. 

Lipscomb applied a “partial retention of diatomic differential overlap” MO method to a variety of 
carbonyl additions. 40 The resulting potential energy surfaces point strongly to a highly deformable 
transition state. For example, addition of methanol to formic acid displays a reaction “funnel” that 
subtends about 18% of the hemispherical surface centered at the carbonyl carbon and lying above the 
plane of the formic acid. This assumes a methanol oxygenlcarbonyl carbon distance of 1.62 A. #en the 
partial bond is lengthened to 2.28 A, fully one-third of the hemisphe~cal surface is occupied by the 
reaction funnel! At a distance of 3.5 8, (a reasonable value, according to Lipscomb,‘@ for a “loose” 
transition state), shifting meth~ol 20” from its preferred direction of approach costs less than 
1 kcallmol. The corresponding vibrational frequency is less than 30cm-‘. Stringent steric requirements 
for carbonyl addition are, therefore, not expected. 

Unfortunately, matters are not as clear-cut as implied in the preceding paragraph. Calculations of 
Koshland based on a 1.80 A nucleophile-carbonyl distance (almost half of the value used by Lipscomb 
for a “loose” transition state) lead, not surprisingly, to a much less pliable species. The role of solvent, 
as mentioned in the introductory paragraphs of this report, adds another uncertainty. Lipscomb freely 
admits that solvent effects are important to potential energy surfaces and that a high dielectric medium 
could dampen transition state deformations. Directionality of organic reactions in solution is, clearly, a 
field in its infancy. 

Backside Su2 substitution represents one of the oldest and best known statements of direc- 
tionality.‘2*‘3 Eschenmoser, in a widely quoted paper,” * Invoked a directionality argument to explain the 
behavior of the following methyl transfers. Crossing experiments and kinetic data prove that the products 

-a 
0 

O; 
IH 

,CH, 

so2 am 0 
s 

H3 - 

t 13 

so; 

pi3 

hH, 

arise exclusively from intermolecular S,.J~ substitution. Znrramolecular methyl transfer, of the type 
shown below, is totally absent despite the fact that reactions with 5 or 6-membered cyclic transition 

TFT Vol. 39. h’o 7-B 
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states often proceed rapidly. The lack of “endocyclic” SN2 substitution undoubtedly stems from the 
unfavorable frontside trajectory: 

“Exocyclic” SN2 reactions are, on the other hand, perfectly acceptable: 

The subject of SN2 directionality relates to an interesting family of 1 ,Zshifts which includes the Wittig 
and Stevens rearrangements: 

Ar-CH-OR + Ar-CHR-O- 

A&H-&(CH& + Ar-CH-N(CH32. 

C H3 

The temptation is to propose a concerted SN2 reaction: 

In actual fact, such a mechanism is disallowed by the presence of a frontside trajectory. Stated 
somewhat differently, the mechanism violates the principle of orbital symmetry conservation.” A more 
realistic view of the 12-shifts, supported by CIDNP data, 4 invokes a radical dissociation-recombination 
pathway. 

Exclusive backside substitution in N + CHSL+ NCHj + L indicates that acute N/C/L angles fall 
outside the reaction window. Yet this still leaves open the question of window size within the confines of 
a backside mechanism. Are 170” and 190” trajectories permissible and, if so, how do their success rates 
compare with the 180” angle usually assumed for SN2 reactions? These are, of course, subtle questions. 
Intuitively, one would expect SN2 substitutions to have a smaller reaction window than carbonyl 
additions; the antibonding MO at an sp’ carbon is less “exposed” than at an sp* carbon. Hard data are, 
however, scarce. Investigations, described below, are among the few that pertain to the subject. 

King” recently searched for endocyclic nucleophilic substitutions in the following reactions: 

cc 0 
SO2OCH3 

NKH312 

Intramolecular methyl transfer would require here an 8 and a 9-membered cyclic transition state, 
respectively. Initital concentrations were kept low (5 x 10m3 M) to minimize bimolecular competition. 
Under these circumstances, the first of the above reactions is entirely intermolecular. On the other hand, 
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16% of the methyl transfer in the second reaction derives from an intramolecular mechanism (the first 
reported endocyclic !&2). King estimates that the intramolecular transfer has a low “effective molarity” 
(k&43 of 2 x lo-’ M. The relative inefficiency was ascribed in part to deviation from the ideal 180” 
orientation. Actually, an unstrained linear N/C/O geometry is attainable even with the 8-membered 
cyclic transition state. Perhaps non-bonded interactions in the cyclic transition states tend to favor bent, 
but permissible, trajectories over the linear one, thereby retarding the rate. 

Exocyclic &2 substitutions leading to 3-membered rings almost certainly take place by means of 
non-linear backside trajectories (a supposition confirmed by recent unpublished MO calculations from our 
laboratory): 

/ 

N, 
‘\ 

‘* 
C- c 

: 

t 

It is thus interesting to compare these cyclizations with the corresponding closures of 5 and 6-membered 
rings where linearity is possible (Table 3).4 One sees that despite the bent trajectories and obvious 
strain, 3-membered rings close fairly readily (sometimes faster than the 6-membered analog!). Formation 
of 3-membered rings has, of course, an entropic advantage in that the reactive groups are always in close 
proximity. Nonetheless, their rapid rates are impressive and a good indication of transition state 
flexibility.‘9 

Although the data in Table 3 show that O- is a better nucleophile than neutral N, the superiority 
manifests itself far more with the 3-membered ring than with the 5 and 6-membered rings. Kirby48 uses a 
directionality argument to explain this fact. An amine nucleophile has rather specific directional 
requirements owing to the orientation of the orbital containing the non-bounded electron pair. An 
alkoxide, on the other hand, has three pairs of electrons in degenerate orbitals any one of which can 
participate in nucleophilic attack. Since closing 5 and 6-membered rings places little demand on the 
directional properties of the nucleophile, O- and N behave similarly. With 3-membered systems, orbital 
orientation becomes important and O-, with its greater directional flexibility, displays the more potent 
nucleophilicity. 

Usually S-membered rings close faster than any other ring size because trajectory factors are ideal, 
strain is no problem, and the number of restricted rotations in the transition state is small compared with 
larger rings. The preference for cyclizing 5-membered rings is apparent in Table 3 for both the oxygen 
and nitrogen nucleophiles. Stirlit@’ discovered an interesting exception to this generalization. Formation 
of the episulphonium ion from 2-chloroethyl p-tolyl sulfide is actually faster than formation of the 
corresponding S-membered ring: 

A remarkable 1 lbfold rate advantage of the 3-membered ring over the S-membered ring was observed in 
ArS(CH,),CHPhCI where n = I or 3. Sulfur has polarizable non-bonded electrons that are easily 
distorted to accommodate the bent SN2 trajectory involved in closing 3-membered rings. Hard nucleo- 
philes such as N and O- have more difficulty in this regard. 

PROTON RANSFFAS 

Our attention has recently focused on the directionality of the most fundamental of all reactions in 
solution, proton transfer. Over two decades ago, Westheime? treated the A * * - H * * * B transition state as 
a linear entity for which low frequency vibrations can be totally neglected. This simplification persists to 
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Table 3. Relative effective molar&s for the cy&.ation of ~-~o~n~ko~des and amines 

Ring Size, n 

3 

4 

5 

6 

EM 

CI(CH~)"*,O Br(CH2)n_,RH2 

2.5 x lo3 15 

4 0.2 

6 x lo4 7 x lo3 

280 100 

a Data taken from Ref. 48. 

the present day. For example, Kollmans2 performed ab initio calculations on the energetics of proton 
transfer in a formate/imidazole/methanol triad. Although O-H and N-H distances were optimized, the 
O/H/N angles were kept fixed in a linear configuration: 

4 H--C, _ 
0 \. 

The linear transition state for proton transfer has found legitimacy in the behavior of hydrogen bonds. 
Hydrogen bonds, which are situated on the reaction coordinate for proton transfer:“5 are often 
regarded as line-ar.56J7 Calculations by the CNDO12 method demonstrate, however, that bending a 
hydrogen bond by as much as 30” off the A-H .a* B line hardly affects the hydrogen bond energya5* 
Monte Carlo calculations suggest that linear A-H - - - B relationship has indeed the lowest energy but that 
statistical factors lead to large populations of bent hydrogen bonds. a For example, more than half of the 
intermolecular hydrogen bonds have an A/B/H angle of greater than 20“, and a 40” bend is not 
uncommon. Therefore, until such time that a transition state for proton transfer is proved significantly 
more rigid than a hydrogen bond, one can reasonably postulate a wide angular distribution of transition 
state geometries. 

Scheiner,f’ using an ob initio MO method, studied the effect of angular deformation upon the 
energetics of NH,‘-to-NH, proton transfer. He defined two deformation parameters, al and a~, to 
specify the rotations of the proton donor and acceptor, respectively, from a linear N/H/N geometry: 

Three modes of angular deformation were considered explicitly: (i) The proton donor was held at aI = 0 
while the acceptor was rotated. (ii) Both acceptor and donor were bent in the same direction (n, = a& 
(iii) Donor and acceptor were rotated in opposite directions (a, = - a2). The internitrogen distance was 
kept constant as the proton was being transferred. Among the three modes, the third results in the 
highest energy increase, followed by the second and the first: 

ai a2 Barrier, kcal mol-’ 

0 +20” 1 
+20” i2V 2 
+2ff -20” 3 
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But none of these barriers to proton transfer is large despite the substantial distortions. Moreover, if the 
N-N distances are permitted to optimize, then the resulting “adiabatic” barriers diminish to even lower 
values (about 40% less). It should be noted further that energy calculations such as these ignore 
statistical factors and thus underplay, if anything, the importance of bent trajectories in the real world. 
Since a 20” trajectory, for example, encompasses an entire “cone*’ of pathways, it should be entropically 
fuoored over the single linear geometry. Clearly, the transition state for intermolecular proton transfer is 
a wobbly, multidirectional entity. 

We have used the MIND0/3 method to secure energies for N-to-N proton transfer in 
NH2CH2NH,+.60 Calculations, employing a Davidon-Fletcher-Powell optimization subroutine, initially 
located the minimum energy position of the mobile proton when confined to the bisecting XY plane 
(Figure 6). The resulting transition state has its mobile proton in the N/C/N plane; an energy 
21 kcal mol-’ greater than that of the NH2CH2NH3+ ground state; a partial N-H bond distance of 1.27 8, 
(compared to 1.01 A for a primary amine); and a highly non-linear N/H/N angle of 103”. 

Once having located the minimum energy point in the XZ plane, we moved the mobile proton in 
increments along the X, Y or Z axis. At each step, the bond distance and angles were optimized to 
achieve minimal energy for that particular proton locus. For proton movement in the Z direction, 
calculations were carried out in two ways: (i) Energies were determined without any geometric 
constraints, thereby permitting rotation about the N-C bonds to accommodate, to whatever extent it can, 
the proton shift. (ii) Energies were also calculated while confining the amino groups to the transition 
state geometry; we could thus assess transition state flexibility in the Z direction when the proton “rides 
the stationary orbitals”. The results of these calculations are given in Table 4 and Fig. 7. The last column 
of Table 4 shows how proton relocation affects the energy relative to that of the transition state. There 
clearly exists a striking insensitivity of the energy to shifts in the mobile proton. For example, a large 
0.07 8, proton shift in the XY plane along the +X direction (away from the carbon) or in the -X 
direction (toward the carbon) raises the energy by less than 1 kcal mol-‘. Similarly, moving the proton 
0.20 A out of the XY plane along the Z-axis produces an energy increase of only 1. I kcal mol-‘. Stretching an 
N-H partial bond 0.15 A along the N-H vector (not shown in Table 4) costs only 0.45 kcal/mol. When the 
proton shifts 0.20 A toward one of the nitrogens in the Y direction, the system is stabilized by a mere 
1.7 kcal mall’. We conclude that the proton has considerable motional freedom in the transition state even 
when the system is highly strained. 

The N/H/N angle in the intramolecular transition state deviates over 76” from linearity (Table 4).This 
departure from linearity does not, however, seem to contribute substantially to the high 21 kcal mol 
activation energy. The major energy requirement must arise from compressing the N/C/N angle from 
114.8” in the ground state to 87.9” in the transition state which, calculations show, requires 20 kcal mol-‘. 
Another indication that bent N/H/N geometries cost little derives from calculations on proton transfer in 
NH2CH2CH2NH2’. The five-membered cyclic transition state, with a bent N/H/N angle of l34”, is 
associated with an energy only 5.3 kcal mol above the ground state. Indeed, no energy is required for 
proton transfer in NH2(CH&NH,‘; the six-membered cyclic transition state has an N/H/N angle 
deviating 47” from linearity. The important point here is that if severely bent N/H/N geometries are 
readily generated in intramolecular reactions, then non-linear transfer probably contributes to inter- 
molecular reactions as well. Assumptions of linearity in the latter are therefore suspect. 

Fii. 6. Transition state for N-twN proton tmnsfer in NH2CH2NH,+. 
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Tabk 4. Transition state geometries and eaergks for N-to-N proton transfer in NH2CH2NH3’ with the proton 
situated at various loci 

N-H, ! N/WL” N/W0 AE.kdal/mol 

TS' 

+x-J 

0.05 
0.07 
0.10 
0.15 

_x. 

1.27 103 88 0.00 

0.46b 
0.89 

::i 

1.34 
1.31 
1.33 
1.37 

100 

99: 
93 

88 

: 
88 

0.05 1.25 107 
0.07 1.24 109 
0.10 1.23 112 
0.15 1.21 116 

88 0.46 
0.91 
1.9 
4.1 

88 

:98 

0.05 
0.10 
0.15 
0.20 

z, 

1.31 103 
1.36 104 
1.40 104 
1.44 105 

-0.15 
-0.56 
-1.13 
-1.67 

0.05 1.28 103 
0.10 1.28 103 
0.15 1.28 102 
0.20 1.29 102 

88 

ii 
88 

a Transition state with an energy of 163 kcal/mol compared to 142 kcal/mol for ground 
state. 

b Indicates that a 0.05 fi shift In the +X direction (see Fiaure 1) elevates the energy 
relative to the lowest energy configuration by 0.46 kcal/mol. 

' Energy when permlttlng complete freedom to optimize. 

d Energy when the atcins of the NH2 groups are confined to the transition state 
coordinates. 

Fig. 7. Energy increases caused by proton movement in the X-direction (in plane) and in the Z-direction (out of 
plane) from an optimal transition slate geometry. 
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The MIND0/3 calculations on NH2CH2NHS’ relate to the “proton switch” mechanism of tetra- 
hedral intermediates: 

H O- H- 

I I 
- 

-- 
1’ F 

P --- 
r I 

Such a mechanism has been proposed for ester aminolyses, amide hydrolyses, and enzyme-catalyzed 
mechanisms.6’d3 It appears from the high activation energy associated with our 1,3-shit that the 
mechanism, taken literally, is not favorable. If, however, one or more solvent or buffer species intervene 
according to a Crunwald-Meiboom mechanism,” then compressing the N/C/O angle would no longer be 
necessary, and rates of 106-l@ set-’ are possible.65 

Non-linear transition states in proton transfer are not merely a figment of the theoretician’s 
computer; they are proven fact in intramolecular reactions. Several examples are cited below. Their 
purpose is not so much to prove that bent transition states are present in organic chemistry; everyone is 
aware of this. Instead, I wish to illustrate interesting relationships between reactivity and directionality. 
Furthermore, I wish to advance the theme that since bent geometries are found in fast intramolecular 
reactions, bent geometries should also be important components of intermolecular reactions that are 
traditionally treated as linear. The consequences of multidirectional transition states in intermolecular 
reactions will be taken up in the final section of this paper. 

JenckP invoked an intramolecular general base catalysis to rationalize the ld greater nucleophilicity 
of an aminoalcohol relative to that of water: 

The N/H/O angle deviates about 45” from linearity. Similarly, JenckP suggested that nucleophilic attack 
by the NHIOH oxygen could be aided by an intramolecular O-to-N proton transfer: 

,A.. R 
)N -a--- -OR 

b 

Experimental proof for such an extreme form of transition state bending has yet to appear in the 
literature. 

Hine6’ is one of the few who ever specifically addressed the question of directionality in proton 
transfer. He measured the ability of an intramolecular amino group to catalyze double bond migration in 
immonium ions: 

CD2 

I 
5 D tN(t~+~ I k-3 > km-. 
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When n = 3, an 8-membered cyclic transition state is formed having an N/D/C angle of 150”. When n = 4, the 
resulting 9-membered transition state is able to attain an N/D/C angle of 180”. The former reaction actually 
proceeds at the faster rate. If directional requirements were stringent, then the reaction with a linear 
transition state would have exceeded in rate the reaction with a bent geometry. Apparently, a 30” variation in 
angularity is less vital here than an entropic factor associated with the freezing of a single extra rotation. 

Groba observed anchimerically assisted eliminations in 3-chloro-3-methylbutanthiol and 3-chloro- 
2,2,3&methylbutanthiol: 

FH3 73 

CH3 -$--CH2CH2SH - CH2=C-CH2CH2SH 

Cl 

FH3 $H3 F H3 H3 

CH3-, c -f-CH2SH _ CH2=C- -CH2SH 
I 

Cl CH3 CH3 

Dramatic rate increases (104 and lo’-fold for the 3-methyl and 2,2,3-trimethyl compounds, respectively) 
occur upon ionizing the thiols to thiolates, pointing to an efficient catalysis uia a bent S/H/C geometry: 

The particularly impressive value of 10’ was attributed to the geminal methyl groups promoting a 
conformation favorable to intramolecular base-induced elimination: 

S- 
\ 

Surprisingly, thiolate is often a more effective base in E2 reactions than alkoxide.6’ One would have 
expected the “soft” sulfur to have a lesser affinity for the “hard” proton. A possible explanation relates 
to an E2 transition state proposed by McLennan:” 

Base attacks the proton with a non-linear trajectory and, in addition, engages in a remote interaction 
with the C,. Sulfur, having polarizable electrons, would be better than oxygen in accommodating such a 
geometry. The so-called “E2C” mechanism of Parker and Winstein” demands an even greater covalent 
interaction between the base and C, and, consequently, an even sharper B/H/C, angle: 
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Bunnett” has presented strong ~guments, supported by our ~IN~~3 calculations mentioned earher, 
against such a mechanism. 

We have applied dynamic NMR methods to the study of OH proton exchange in aprotic solvents.” 
Various acid, base, intramolecular, and bifunctional catalyses were observed, but by far the most 
effective catalyst was a combination of amine and amine salt. Thus, the mono-HC10, salt of N,N,N’,N’- 
tetramethylethy~en~iamine is a 104 more powerful catalyst than the free diamine: 

A monamine salt will not by itself accelerate the rate of proton exchange of benzy1 alcohol. The kinetics 
are most simply rationalized by a bifunctional catalysis which averts charge formation in the aprotic 
solvent: 

If one of the O/H/B angles is ~bi~~y fixed at an ‘*ideal” l&Y’, then the other O/H@ angle must 
deviate widely from linearity: 

Clearly, rapid catalysis and non-linearity are compatible. One must then ask, as is done in the final 
section of this paper, what role non-linear trajectories might play in the kinetics, Briinsted coefficients, 
isotope effects, etc. of infe~o~ec~~~r reactions where an array of geometries is likely. 

In most published examples of intramolecular catalysis with bent trajectories, the molecules are 
flexible. This leads to uncertainty as to the exact geometrical relationships among the reacting 
functionatities. Ideally, trajectory eflects should be examined with rigid molecules where the func- 
tionalities are fixed in space and where, therefore, bond distances and angles are defined precisely. Our 
lactoni~tion experiments, M described in the carbonyl section, illustrate the approach. We have also 

begun studying molecules in which an oxygen base is held rigidly with respect to a mobile proton: 

- 

OH 

- 
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The syntheses of these compounds” are given in Fig. 8 while the relevant bond distances and angles 
are shown below: 

Q1 6$ . . 
We found that although the iodophenolate does indeed eliminate in aqueous and aprotic solvents, the 

reaction occurs entirely via a bimolecular mechanism. Absence of an intramolecular transfer can be 
ascribed either to the sharp O-/H/C angle of 82” or to the long O-/H distance of 2.9 A. The latter apparently 
constitutes the more serious impediment to reaction as shown by the enolization behavior of endo-S- 
hydroxy-2-norbomanone. Here the O-/H/C angle of 106” also deviates greatly from linearity, but the O-/H 
distance is only 2.2 A. Under basic conditions (PD = 13.9, 70“), the hydroxyketone exchanges its endo 
proton roughly 28 times faster than does the methylated analog: 

If one assumes that a general base catalysis is operating and that the pK, of the endo-OH is 18, then the true 
catalysis (i.e. the observed catalysis corrected for the small O-/OH ratio at pD = 13.9) is in fact very large 
(3 x Id). Of course, the possibility exists that a water molecule interposes between the oxygen anion and the 
proton, thereby improving the trajectory angles: 

Although such a mechanism has never been detected, we could avoid it even as a possibility by studying a 
related proton transfer: 

Since the elimination can be carried out in nonaqueous media, a “through-solvent” process is of no concern. 
The substrate, whose synthesis is presented in Fig. 9, was mixed with an equimolar amount of potassium 
t-butoxide in t-butan(ol-d) and warmed to 53 f 1”. Dehydrobromination was apparent in the NMR from the 
appearance of a vinyl signal concomitant with the disappearance of the -CH2Br multiplet. The time 
dependence of the vinyl peak area (relative to that of an internal standard) provided a semiquantitative 
measure of the reaction time. Thus, 15 minutes were required for three half-lives. When exe-2- 
bromomethylbicyclo[2.2.l]heptane, endo-norbomeol, and potassium t-butoxide were incubated at 
equivalent concentrations, no intermolecular base-catalyzed elimination was observed after 20 days. Fast 
intramolecular catalyzed elimination in endo-2-hydroxy-exe-6bromomethyl(2.2.llheptane is clearly in- 
dicated; a viable catalytic pathway in an E2 elimination can proceed through an O-/H/C transfer deviating 
74” from colinearity! 

Ideally one would like to construct a 3dimensional plot which maps reactivity as a function of angularity 
and distance. Each point on the plot would represent a rate constant from a rigid molecule in which B and HA 
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Fig. 8. Synthesis of compounds used in studies of proton transfer trajectories (J. F. 
unpublished work). 

Chow and P. C. Vasquez, 

are fixed in a particular ground state geometry. The main difficulty in securing such information lies in 
synthesizing sets of compounds with subtle variations in the spatial relationships among intramolecular 
functionalities supported on rigid frameworks. But whatever the synthetic problems, the information is 
essential to characterize fully organic and biochemical pathways. How can one evaluate, for example, a 
particular arrangement of catalytic groups surrounding a substrate at the active site of an enzyme without 
first understanding the relationship between reactivity and alignment? 

MULTI-DIRRCTIONAL TRANSMTON !TUTR TERORY 

Multidirectional transition state theory claims, as its basic postulate, that the transition state for an 
intermolecular reaction comprises an array of trajectories each of which is associated with a charac- 
teristic degree of bond formation and bond cleavage. The question then arises as to how the properties 
of the reaction window, and the individual trajectories within it, affect various kinetic parameters. In 
attempting to answer this question, I must pass from the experiments and calculations of the previous 
sections to the realm of speculation. Every effort is made, however, to incorporate reasonable 
assumptions so that the conclusions are at least credible. Perhaps the stage will be set for more 
authoritative theorizing that will surely appear in the future. 

The general plan is to “calibrate” the reaction window of an intermolecular reaction by using an 
intramolecular reaction whose efficiency and trajectory are known. Immediately one encounters a 
serious problem: What intramolecular reaction should serve as a standard? This is a serious problem 
because physical organic chemists have only a primitive understanding of intramolecular catalysis. A few 
sentences are necessary, to elaborate on this point. The “effective molarity” or “EM” parameter has been 
devised to assess the efficiency of intramolecular reactions. EM is defined as kr,,,/kr,,,, for closely related 
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Fig. 9. Synthesis of cndo-2-hydroxy-exo-6bromomethyl[2.2.l]heptane (H. B. Kaisermaqunpublishcd work). 

intramolecular and intermolecular reactions operating by identical mechanisms:75 

n 

lNTBll 

ai Cl + CH30- -d H 0CH3 

The EM here of 4 can be regarded formally as the methoxide concentration necessary for the 
intermolecular reaction to go as fast as the intramolecular one. Often the efficiency of an intramolecular 
reaction renders such a concentration unattainable. The puzzling thing is that EM values vary widely for 
no rational reason. Figure 10 gives several examples.” Changes in substituent, solvent, and reaction type at 
constant ring size can produce large variations in EM. In order to provide the required calibration, I have 
arbitrarily selected an intramolecular proton transfer recently studied by Okuyama:“’ 

R 

P>c 
C 

H S 

1 f! 

\CHi/ H2 

The EM for this general base-catalyzed enolization is found to be 90 M. But the EM must be revised 
upward to account for four free rotations that permit unproductive conformations. Freezing these rotations 
is necessary to bring the proton and the non-bonded electrons of nitrogen into proximity. Jencks” and 
Illuminati” suggest a rate enhancement of S-fold for freezing each rotation, whereas Bruice” prefers a 
factor of 230. Using the most conservative literature value of 5, one arrives at an EM of 5.6 x 10’ M for an 
idealized reaction with roughly a 60” deviation from N/H/C colinearity.m If, in concert with published 
notions,W 108 M is accepted as the maximum EM value (corresponding here to a linear geometry), then the 
following conclusion arises: A linear intramolecular proton transfer proceeds 1.8 x Id times faster than one 
with a 60” bend. 
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Fig. 10. Examples of effective molarities (EM) as a function of substituent (a), solvent (b). and reaction type at 
constant ring size (c and d). Data taken from Ref. 48. 

The number 1.8 x lo3 represents a compa~son between linear and bent irrtramolecular transition 
states. In order to obtain the cont~bution of a bent geometry to an intermolecular proton transfer, one 
must correct for the “reaction cone” avaitable only to non-linear transition states. This is accomplished 
with the aid of the diagrams below: 
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On the left is depicted a linear A/H/B transition state with a vibrational bending amplitude @; the surface 
area available to B on the “reaction sphere” (i.e. the curved “cap” of the cone) is given by 27rrZ (I-cos 
Q/2) where r represents the H/B bond length in the transition state. On the right we see a bent A/H/B 
geometry with a reaction window 0; the surface area available to B (shaded zone) now has an area of 
2nr2[cos( @/2 - Q/2) - cos(~/2 + Q/2)]. Thus the bent ~ansition state is favored geometrically by a factorR 
equal to the quotient of the two areas: 

R = cos( e/2 - O/2) - cos( 12 + @/2) 
1 - cos #/2 

The smaller the value of @, the greater the “probability” advantage of a bent geometry over a linear one. 
At a constant B = 60”, for example, R = 23 when Cp = IO” whereas R = 116 when cf, = 2”. In the case of our 
particular proton transfer, R = 50 because 8 = 120” and @ = 8” ( a reasonable value at room tem- 
perature”). Thus, the 60” bend is associated with a rate that is 2.8% (i.e. 50/1800) of a “linear” rate. 
Different but substantial percentages are also calculated for related model reactions such as the 
enolization of o-isobutyrylbenzoates2 and 4diethylaminobutan-2-one:83 

The point here is that severely bent geometries play an important role in intermolecular processes, and 
assumptions to the contrary5’*” are suspect, the arbitrary quatity of our treatment notwithstanding. 

The contribution of bent geometries to the overall rate becomes more prominent with (i) a decrease 
in 4, (ii) an increase in EM, and (iii) an increase in the rate enhancement produced by freezing a single 
rotation. The third component is particularly important. If, for example, I had used an “entropy factor” 
of 7 instead of 5, then a 60” bend would have manifested a rate greater than 10% of the linear rate! By 
selecting a minimal factor of 5, the per cent contribution of bent geometries is actually biased downward. 

One can reasonably postulate that rate and trajectory angle are related by a bell-shaped curve. 
A~cordingIy, I have chosen a Cauchy probability dist~bution described by the folIowing equation: 

C 
y = a(C2 + x’y 

The variable y represents the reaction rate (with a maximum at X = 0) while X is the trajectory angle 
(with X = 0 representing A/H/B colinearity). The integral of the bell-shaped function from - cQ to + m 
equals unity. Constant C can be evaluated from the fact that y at 60” is, as described above, an 
ascertainable percentage of y,,,. It should now be clear why a “calibrating” intramolecular reaction is 
needed: the reaction serves to define the rate vs angle distribution curve. By integrating the function 
between limits, one is able to calculate the percent of the total reaction occurring within various 
trajectory ranges. These data are given in Table 5. A substantial portion of the reaction is seen to take 
place with highly bent transition states. For example, 24% of the proton transfer lies outside the 0 2 25 
trajectory range. Even with a modest entropy factor of 5, a sizeable contribution to the reaction (12%) 
derives from transition states outside the 100” window. Although these numbers must not be accepted 
literally, they clearly support the pIausibiiity of muitidire~tional transition state theory. 

Multi-directional transition state theory can be applied to a well-known dilemma regarding primary 
deuterium isotope effects. Classical rate theory predicts a kH/kD ratio in excess of 6. whereas experi- 
mental values are often much less than this. In fact, primary isotope effects only slightly greater than 
unity are not uncommon. This discrepancy has been explained by a symmetric vibration which con- 
tributes zero point energy to a linear transition state thereby lowering the rate ratio.5’ Alternatively, one 
can describe an intermolecular proton transfer by an array of trajectories each of which is associated 
with a particular isotope effect; an observed isotope effect is a weighted average of the components. 
Thus, More O’FerralI has calculated k,tk, values equal to 7.9,3.2 and 1.7 for A/H/B angles of 180”, 120’ 
and W, respectively.” Clearly, a reaction with a wide window, as in Table 5, would manifest a lov 
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Table 5.The percent of total reaction occurring within reaction windows of diRereat sizes' 

1037 

Angle Rangeb % 

0 + loo 50 

0 + 25” 76 

0 + 500 aa 

0 l 750 92 - 

a Values at-e based on an Intramolecular proton transfer with an EM of 90. 
a reaction window of 120". 4 free rotations, and an entropy factor of 5 per 

free rotation. 

b 0' represents A/H/B colinearfty 

Table 6. BrBnsted coefficients for base-urtalyzed enolization of ketones' 

Ketone pK, of Ketone 8 

CH3COCH3 20.0 0.88 

CH3COCH2Cl 16.5 0.82 

CH2COCHC02Et 13.1 0.64 

L&2)3 

CH3COCH2COO- 9.7 0.52 

CH3COCHBrCOCH3 8.3 0.42 

a Datbtaken from Ref. 92 

ku/kn according to the contributions from non-linear geometries. Since isotope effect and angular 
distribution may be interrelated, particular caution is required when attempting to correlate ku/kn with 
degree of proton transfer. Future research into the possible link between multidirectional transition 
states and isotope effects would seem highly desirable. 

multi-directional transition state theory can also be invoked to resolve a problem which for decades 
has muddled the interpretation of Briinsted plots. Briinsted plots are obtained by measuring rates of a 
reaction catalyzed by a series of acids (or bases) with varying pK, values. Log k vs pK, plots are usually 
linear over a wide range of acidities or basicities. Thus, the general base-catalyzed isomerization of 
a-glucose:’ the hydrolysis of ethyl dichloroacetate,86 and the cyclization of dchlorobutanol” display 
linear Briinsted plots over pK, ranges of 17,9 and 17 units, respectively. For several reasons (e.g. rates 
approaching diffusion controlled velocities,= multi-step mechanisms,@ and solvation effects? the plots 
may deviate from linearity, but for the most part straight lines are observed over pK, intervals of 5-10 
units and sometimes as seen above, over intervals as large as 17 units. Bronsted coefficients, derived 
from the slopes of the straight lines, usually vary from 0 to I. Traditionally, these coefficients are 
equated with the extent of proton transfer in the transition state. Thus, it is written that “Bronsted 
exponents do measure transition state structure in more than a qualitative way”?’ 

A specific example of a Bronsted treatment is given in Table 6 which lists @ coefficients for the 
base-catalyzed enolization of ketones.= As the ketone becomes more and more acidic, the j3 decreases 
substantially from 0.88 to 0.42. Such a trend is traditionally explained by the Hammond principle:93 The 
most acidic ketone has the most exothermic proton transfer and therefore the most reactant-like 
transition state. The early transition state (i.e. the small degree of proton transfer) is reflected in the 
smail j3 value. 
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One now arrives at a serious (and usually ignored) anomaly. The /? values in Table 6 vary with the 
acidity of the ketone but not with the basicity of the catalysts used to obtain @. Indeed, the linearity of 
the Briinsted plots depends on this fact. It is as if the degree of proton transfer in the transition state 
between an acid and base depends on the acidity of the acid but not on the basicity of the base. 
Similarly, a linear Briinsted plot for a general acid-catalyzed reaction entails obedience to Hammond 
with regard to the substrate basicity but disobedience with respect to catalyst acidity. Confusion over 
this point abounds. 

Only two reasonable assumptions within our framework are necessary to analyze the Briinsted 
behavior: (i) the stronger the base or acid catalyst, the wider the reaction window. (ii) The greater the 
angular deviation of a given trajectory from A/H/B colinearity, the more extensive the proton transfer. 
This first assumption is based on the reactivity-selectivity principleW while the second one derives from 
the Hammond postulate!3 Consider now proton transfers involving a strong base with a wide reaction 
window (10% maximum rate at a 60” deviation from colinearity) and a weak base with a more narrow 
window (1% maximum rate at 60”). The corresponding Cauchy curves can then be subdivided into 10” 
intervals, and the percent of reactioh within each interval calculated as before (Table 7). In harmony 
with the second assumption, I assign in column 3 of Table 7 an increasing degree of proton transfer to 
increasingly bent transition states. Note that for any particular trajectory interval (e.g. M-20”) the strong 
base is given a smaller degree of proton transfer than a weak base. Thus, the Hammond postulate is 
obeyed within the reaction window of each base as well as between the two bases. The last column in 
Table 7 multiplies columns 2 and 3 to give the degree of bond cleavage contributed by each interval. By 
summing the last column, one arrives at the degree of bond cleavage expected for the reaction as a 
whole. The important point here is that the strong and weak bases hardly differ in their overall degree of 
bond cleavage (0.61 and 0.59, respectively). If the Same reaction window had been used for both bases, 
then the /3 values would have been dissimilar (0.61 and 0.71).@ The lesson from this highly artificial 

Table 7. Multidirectional transition state theory as applied to proton transfer to a strong and weak base 

Range ' x Reactionb A...# Contributfond 

1. Strong Base 

O-10" 30 0.4 0.120 

10-200 20 0.5 0.100 

20-30" 13 0.6 0.076 

30-40" 6 0.7 0.056 

40-500 5 0.6 0.040 

>50° 24 0.9 0.216 

0.610 

2. Weak Base 

o-loo 65 0.5 0.325 

10-20" I6 0.6 0.096 

20-30" 6 0.7 0.042 

30-400 3 0.6 0.024 

40-500 2 0.9 0.016 

>50° 6 1.0 o.080 

0.565 

a Colinearity is represented by 0". 

b Percentages are calculated assuming 10% of the maximum linear rate at 60' for 
the strong base and 1% for the weak base. 

' The larger the number, the greater the A-H bond cleavage. 

d 
tiumbers indicate the contribution to the apparent degree of A-H bond cleavage 
provided by a given trajectory range. 

" 
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numbers game is clear. Briinsted coefficients, and all kinetically based parameters, can be analyzed and 
dissected by means of multidirectional transition state theory. Much more work is required, of course, 
to assess the value of the model. 

In summary, a reaction A + B + A - B in solution can be viewed in two ways: (i) Reactant A is 
likened to a “bullet” which strikes B to form a new bond. If the energies of A and B or their geometric 
relationships are inadequate, then the hit is unsuccessful and the two entities ultimately depart. (ii) 
Reactant A is likened to a “guided missile” which finds its way into the reaction window of B and, with 
suitable thermal activation, forms the A-B bond. Bond formation following a “soft” collision% between 
A and B is initiated within an array of geometries. The purpose of this report is to support the latter 
alternative. 

I have presented a multi-directional transition state theory which, as its basic postulate, claims that 
reactions are comprised of a multitude of transition state geometries each with a characteristic degree 
of bond formation and cleavage. All kinetically-based parameters are actually weighted averages taken over 
the entire reaction window. At present the theory is necessarily qualitative, but this need not impact 
adversely on its utility.W Experiments designed to test the theory further are in progress, but the 
difficulties are severe. In particular, obtaining sets of compounds with subtle differences in the spatial 
relationships among the reactive functionalities (as in the lactonization experiments cited earlier36) requires 
a laborious synthetic program. Yet those willing to expend the effort will be rewarded with an understanding 
of organic reactivity far more detailed than now available. 
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