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conformation which is quite useful for discussion purposes. We
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have investigated six different substitution types and our results
are summarized in Table I. In all cases, the observed selectivity
is in accord with that form of A which minimizes steric interactions
among the various substituents according to commonly accepted
principles of conformational analysis. We believe the very high
asymmetric inductions that we have obtained for a number of these
substrates are entirely predictable on the same grounds.
Entries 1, 9, and 10 show selectivities of >100:1 since the
favored transition state in these cases has R! = R* = H and R?
= R3 = alkyl. Formation of the minor isomer requires a severe
1,3-interaction (R* = R’ = alkyl) and is, therefore, highly dis-
favored. The same is true for entries 11-15 even though R! is
now constrained to be alkyl in order to avoid a severe R*-RS?
interaction. For R! = Me, this appears to be well tolerated
although the reaction rate slows considerably. However, with R!
= {-Pr (entry 13) no chair conformation is free of a severe 1,3-
interaction (see B) and competition with boat conformations leads

to a much poorer asymmetric induction. Removal of the indicated
Me-Me interaction by changing R! from iso-propyl to n-pentyl
(entry 14) again allowed highly selective epoxide formation (94:6
product ratio).

The above cases fit the category of 1,2-relative asymmetric
induction in Bartlett’s terminology.?® Entries 2 and 4 indicate
that high 1,3-induction is also possible in the V3*/TBHP system.
This selectivity is lost in the case of the corresponding (E)-olefin
(entry 3) since energetically competitive boat forms are possible.’

Finally, we were especially interested in the structure type
characterized by entries 5-8. The possibility exists that vanadium
could be trigonal bipyramidal in these reactions, and a preliminary
predictive model has been formulated on this basis.!® Such a
model fails when applied to this substrate class. The tetrahedral
vanadate ester formulation, on the other hand, nicely accounts
for the ~35:1 selectivity observed on the basis of preferred chain
form A (R? = R3? = alkyl).!

We have found the principles outlined here to be consistent not
only with our own experimental results but also with those pre-
viously reported in the literature.!®!? In particular, the bis-

(9) In boat conformation i, a severe R!~R? interaction occurs (R3 = alkyl)
as long as a lone pair of the coordinated peroxide oxygen is aligned in the plane
of the olefin = cloud as has been suggested by Sharpless!® for peracid ep-
oxidations.
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Without this requirement, it is difficult to account for the substantial selec-
tivities observed for entries 2 and 4. Consequently, we employ this constraint
when evaluating the transition-state models for every substrate.

(10) Sharpless, K. B.; Verhoeven, T. R. Aldrichim. Acta 1979, 12, 63-73.

(11) At this point in time, we can only view the tetrahedral vanadate ester
formulation as a very highly successful predictive model. However, we do feel
our results lend support to the proposed mechanism for this reaction (Scheme
III in ref 10) with the added refinement of an early (reactant-like) transition
state.
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homoallylic alcohol cases studied by Kishi'® are easily rationalized
in terms of a similar 7.5-membered-ring™ transition state.!?

Our results now open the door to rational synthetic planning
based on this efficient epoxidation methodology. The facility with
which four contiguous chiral centers have been assembled in a
predictable manner with virtually complete stereocontrol (entries
9-12 and 15) testifies to the power of this synthetic approach.
Numerous applications in complex acyclic synthesis will un-
doubtedly follow.
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(13) Analysis of this considerably more flexible system is simplified by
minimizing steric interactions between the tert-butyl of the hydroperoxide and
the alkyl groups on the more substituted side of the double bond. This again
emphasizes the importance of considering all ligand—substrate interactions in
these reactions.®
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The establishment of rate—equilibrium!® or structure-reactivity?
relationships is a common feature of experimental investigations
of reaction mechanisms. Extensive experience has led to the view
that such phenomenological effects provide information concerning
the structures and properties of transition states if it is valid to
postulate that these properties are related in some well-defined
manner to properties of the reactants and the products. In this
and the following communication we present relationships between
the calculated geometries and energies of Sn2 transition states
and calculated properties of the reactions. There is remarkable
agreement between these theoretical results and the postulates
of physical organic chemistry.

Our work was inspired by the outstanding series of experimental
contributions by Brauman and his co-workers® concerning the
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Figure 1, Reaction coordinate proposed by Brauman? for the gas-phase
displacement reaction X~ + CH,Y — XCH; + Y-.

observation, analysis, and interpretation of gas-phase Sy2 reactions.
These studies suggest that, in the absence of solvent,* the reaction
coordinate will have the form shown in Figure 1; the minima in
this reaction coordinate are ion—molecule complexes or clusters,
and the central barrier is the highest energy point on the minimum
energy reaction path from cluster to cluster and can be identified
with the classical concept of an SN2 transition state. A particularly
important experimental finding is that, with some reasonable
assumptions,® the central barrier heights can be interpreted in
terms of Marcus theory, a rate-equilibrium relationship® that has
also been applied successfully to proton-transfer’ and alkyl-
transfer® reactions in solution.

A number of ab-initio molecular orbital calculations of Sn2
transition states have already appeared in the literature® and are
consistent with the reaction coordinate depicted in Figure 1.
However, no systematic investigation of the geometries of the
transition states and the energetics of the reactions has been
performed, probably because of the difficulties associated with
the complete geometry optimization of ion—-molecule complexes
and transition structures.!® Such problems have been overcome
by the development of efficient techniques for the calculation of
forces or gradients!! and by a modification of the conjugate
gradient method to search for transition structures.!? These
methods have been incorporated into the GAUSSIAN 80 program
system'? and are particularly well suited to the treatment of
systems containing strongly coupled variables or weak intermo-
lecular forces. The latter problem exists in the ion—-molecule
complexes. The former problem is present in the computation
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Figure 2. Plot of the C-F bond lengths in [X-CH;-F]" transition
structures vs. the calculated energies of reaction in the direction X~ +
CH,F — XCH; + F~. Data points 1-10 refer to X = H, H,N, HO,
HCC, CH;0, F, NC, HOO, CN, FO.
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Figure 3. Plot of the FCH bond angles in [X-CH3~F]" transition
structures vs. the calculated energies of reaction in the direction X~ +
CH,F — XCHj, + F. Data points 1-10 are the same as for Figure 2.

of Sn2 transition structures, because the bond-making and
bond-breaking coordinates are strongly coupled to each other and
to the umbrella motion of the substituents on the central carbon.
Extensive test calculations by the present authors and by others!4
reveal that the 4-31G basis set reproduces the form of the Sn2
reaction coordinate and is reliable for the geometries of interest.
Although energies calculated at this level are less reliable, ex-
perimental trends in heats of reaction are reproduced.!’
Figure 2 shows the relationship between calculated C-F bond
lengths and calculated heats of reaction in the direction X~ +
CH,F — CH;X + F for ten transition states [X—-CH,-F]".
Figure 3 is the complementary relationship associated with the
mean FCH bond angles of these transition states. As the reaction
becomes progressively less exothermic, the C-F bond lengths
increase from 1.725 to 1.986 A, and the FCH angles decrease from

(14) Frisch, M.; Pople, J. A., unpublished results.

(15) For the series of reactions X~ + CH3F — XCH; + F-, calculated
exothermicities follow the trend H- > H,N™ > HO™ > HCC~ > CH;0" > F~
> NC > HOO > CN- > FO". The experimental trend is H™ > H,N™ >
HCC- > HO" > CH;0" > F > NC" > HOO" > CN".
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Table I. Application of Equation 2 to Sy2
Transition Structures®

total bond
X Y ny ny orderb
F H 0.593 0.406 0.999
F OH 0.546 0.455 1.001
F CCH 0.491 0.510 1.001
F NH, 0.591 0.421 1.012
F CN 0.442 0.558 1.000
F OOH 0.438 0.566 1.004
F OCH, 0.509 0.492 1.001
H NH, 0.482 0.513 0.995
H OH 0.445 0.549 0.994
H CCH 0.423 0.570 0.993
H CN 0.389 0.610 0.999
HO CN 0.426 0.583 1.009

@ Calculated ay values (A) from eq 1 are as follows: H, 0.936;
CCH, 0.959; CN, 0.948; NH,, 0.795; OH, 0.691; OCH,, 0.687;
OOH, 0.703; F, 0.600. ¥ Average value 1.001, op = 0.004.

96.3 to 84.2°, This is the Bell-Evans—Polanyi-Leffler—-Hammond
effect:>'8 the more exothermic the reaction, the more closely the
transition structure resembles the higher energy reactants.

Linear fits to these data give, for Figure 2, r = 0.952 and, for
Figure 3, r = 0.976. Linear correlations have also been found
for [X—CH,-OH]" transition states (Rco, r = 0.967; ZHCO, r
= 0.994) and [X-CH,-H]" transition states (Rcy, r = 0.977;
ZHCH, r = 0.996). Such correlations suggest that these geo-
metrical parameters of the transition structure are influenced more
by the thermochemistry of the reaction than by electronic in-
teractions between the entering and leaving groups.!” It is
particularly noteworthy that Figures 2 and 3 include cyanide/
isocyanide, an “ambident nucleophile”, and the “alpha-
nucleophiles” hypofluorite and hydroperoxide. No unusual geo-
metrical effects are observed with these nucleophiles.!®

Our calculated geometries can also be employed to test the
postulate of conservation of bond order along the reaction coor-
dinate.'® For an Sy2 reaction, this corresponds to nx + ny =
1, where nx and ny are the bond orders of C-X and C-Y, re-
spectively, and can be obtained from bond lengths using the
Pauling relationship?® (eq 1). The proportionality constants ax

R- R, = ax In (ny) n

were calculated from the transition structures for the degenerate
reactions X~ + CH;X — CH,X + X", in which nx = 0.5 and R,
is the C-X bond length in CH3X (see footnote to Table I). In
the cross-reactions X~ + CH;Y — CH,X + Y-, conservation of
bond order requires that

nx + ny = exp[(R, — Rx)/ax] + exp[(R,, — Ry)/ay] = 1
(2)

As can be seen in Table I, this behavior is observed uniformly in
the transition structures.

The conservation of bond order in the transition state, coupled
with the relations between reaction energy and bond length or
bond angle, allows accurate estimation of transition-state geom-
etries from properties of the reactants and products alone. These
findings are being used successfully to extend the study of Sy2
transition structures reported here.
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The reaction coordinate shown in Figure 1 for the gas-phase
displacement X" + CH3;Y — XCHj, + Y~ is characterized by two
energy minima, corresponding to reactant (1) and product (3)
ion—molecule clusters, separated by a central barrier (2), corre-
sponding to the SN2 transition state. As discussed by Brauman
and his co-workers,! such a reaction coordinate is consistent with
the observation that the process proceeds at less than the collision
rate, even when 2 has lower potential energy than the reactants,
because partitioning of 1 in the direction of the reactants is favored
entropically. With this interpretation, and model RRKM cal-
culations, it has been found? that the energy difference between
the reactants and the central barrier 2 (here termed AE®y y) can
be correlated with the efficiency of the reaction.

Figure 2 shows a plot, based on 4-31G level calculations with
full geometry optimization of all structures, of AE®xy vs AE®,
the calculated energy of reaction. No simple correlation between
these quantities is apparent. That this is not an artifact of the
computations may be seen from the experimental data of Bohme?
and Brauman,? wherein reactions having similar AH® may proceed
with very different efficiencies. Thus, although the geometries
of SN2 transition states correlate well with the heats of reaction
(the Bell-Evans—Polanyi-Leffler—Hammond effect?), their en-
ergies do not, and it must be concluded that the efficiency of a
gas-phase Sy2 reaction is not controlled solely by the enthalpy
change.

The origin of such behavior has been treated in a number of
rate—equilibrium relationships developed for elementary reac-
tions,¢ which relate the reaction rate not only to AE® (AG®°) but
also to certain intrinsic properties of the system. For an Sy2
reaction these properties are associated with the nature of X and
Y. The Marcus equation (eq 1) has already been applied suc-

AE*X,Y =
VilAE*x x + AE*yy] + Y,AE + {(AE)? /8[AE*xx + AE*yyl]}
)
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