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An estimate of the kinetic advantage, in the gas phase and in MeOH, of one of the two allowed disrotatory movements in the electrocyclic ring
opening of cyclopropyl derivatives has been theoretically obtained at the B3LYP/6-311++G** level. Confirming the Woodward—Hoffmann—
DePuy rule, the torquoselectivity of this process is attributed to charge donation from the dissociating C—C bond to the antibonding orbital
of the breaking C—Br bond. Substituents do not modify the inherent torquoselectivity.

The solvolysis of cyclopropyl halides and pseudohalides to
allyl cations is a prototype of thesz-e= electrocyclic

reactions (Figure 13).The opening of the cyclopropyl ring trans-in
takes place in concert with the departure of the leaving group cis-in / \
and shows an “unusual restriction to a single disrotatory Me

direction”! Only products resulting from one of the two
symmetry-allowed disrotatory motions were observed in .

R '/

substituted cyclopropy! tosylates or halides, and the sense Me 7 @ _Me

of rotation was found to depend on the relative configuration crs,elsx trans, cis-x

of the leaving groug:substituents cis to the leaving group cis-out R trans-out

rotate inwardly, whereas those trans rotatetwardly, a

generalization known thereafter as the Woodward—Hoff- * R * R x R

mann—DePuy rulé.The favored disrotatory motion is the 1 Me 4 CHCH, 7 OMe

one that enforces electronic assistance-to®ond cleavage 2 H 5 F 8 CHO

by the breaking the £-C; bond® The Woodward—Hoff- 3 +Bu 6 NH; 9 NO,

mann-De Puy rule proved fully consisténtwith the Figure 1. Disrotatory electrocyclic solvolytic ring-opening reac-

tions of cis,cis- andrans,cis-1-bromo-2,3-disubstituted cyclopro-
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Table 1. Activation Free Energies (kcal/mol) for the Transition Structures Corresponding to the Electrocyclic Ring Opecimgisf
andtrans,cis-1-Bromo-2,3-disubstituted Cyclopropaie9

R1 1 Me 2H 3t-Bu 4 CHCH: 5F 6 NH> 7 OMe 8 CHO 9 NO>
AG*-cis-in 36.08 38.82 36.67 30.29 35.33 16.60 28.50 37.04 37.93
AG*-cis-out 46.29 51.31 43.56 42.89 49.37 31.66 45.30 53.68 54.82
AG*trans-in 60.62 57.57 64.33 55.10 63.53 49.50 55.40 61.58
AG*trans-out 30.26 36.83 26.85 22.98 33.02 17.26 2291 31.09 35.20
c-|AG*-in- AG*-out| 10.21 12.49 6.89 12.60 14.04 15.06 16.80 16.65 16.89
t-|AG*-in- AG*-out| 30.36 20.74 37.48 32.12 30.51 32.24 32.49 26.38

To our knowledge, the WoodwardHoffmann—DePuy f functions added to the published base for the valence
rule represents the first documented explanatiotoafuo- electrons. All stationary points were characterized by har-
selectivityor stereoselectivity due to the preference for one monic analysis, and the unscalédomputed frequencies
of the two symmetry-allowed conrotatory or disrotatory were used to obtain zero-point energies and thermodynamic
modes in electrocyclic reactions. Houk et al. demonstrated parameters.
that torquoselectivity in the#—e~ conrotatory ring-opening Solvent effects were computed using geometry optimiza-
of substituted cyclobutenes was primarily dependent upon tions with the Onsager method (with cavity radii taken from
the electronic, rather than the steric, effect of the substitu- previous gas-phase optimizatiod%)in several significant
ents: in substituted cyclobutenes electron donors at C3 rotatecases, intrinsic reaction coordinate (IRC) calculations were
away (outward) from the breaking bond, whereas strong performed to unambiguously connect transition structures
electron acceptors rotabteward.” with reactants and products. Bond orders and atomic charges

In contrast to the ring opening of cyclobutenes, no theo- were calculated with the natural bond orbital (NBO)

retical treatment of the electrocylic ring-opening of cyclo- method.
propyl derivatives using the tools of modern computational

Table 1 lists the activation energies for the two alternative

chemistry exists. We therefore decided to study computa- disrotatory ring opening reactions oi§,cis-landtrans,cis-

tionally the rearrangement ofs,cis- andtranscis-1-bromo-
2,3-disubstituted cyclopropanés-9, both in the gas phase

1%5 (Figure 1) depicted aim andout. Geometric parameters
for reactants and transition structures are listed in the

and in solution, and addressed the structural factors thatSupporting Information.

restrict the disrotatory ring-opening to a single direction as

formulated in the Woodward—Hoffmann—DePuy rule.
Becke's three-parameter functioh@@3LYP) DFT method

as implemented in GAUSSIAN 98with the 6-311++G**

To establish the origin of the experimental torquoselec-
tivity, we chose systerfi, where the two substituents on the
ring are methyl groups, as a model.

The results for the rearrangement of each stereoisomeric

basis set, was selected for the computations due to its provernteactant of the model system confirm the Woodward—

accuracy in the prediction of experimental activation barri-
erg? for a variety of pericyclic reactions (both open- and
closed-shell systems). The SKBJpseudopotential was

Hoffmann—DePuy rule: théward disrotatory motions of
the groups located cis to bromine (methyl fas,cis-1and
hydrogen fortrans,cis-1) are of lower energy than the

selected to describe the bromine atom, with two d and one gjternativeoutwarddisrotational direction of bond breaking.
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The disfavorectis-outandtrans-intransition structures lie
10.18 and 30.07 kcal/mol above the favored pathway of each
series. Thecis-outmovement, although electronically dis-
favored, does not incur in severe steric interactions in the
transition state leading to tlmut,outallyl cation. In contrast,

the highly energetic transition structure for the@ns-in
disrotation is severely congested and does not benefit from
electronic stabilization. The relative values computed for the
energies of the two pairs of disrotatory processes can be
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Table 2. Activation Free Energies (kcal/mol) for the Favored Transition Structures Corresponding to the Electrocyclic Ring Opening
of cis-cis- andtrans,cis-1-Bromo-2,3-dimethylcyclopropants9 in MeOH Computed Using an Onsager-Type SCRF

R1 1 Me 2H 3t-Bu 4 CHCH> 5F 6 NH> 7 OMe 8 CHO 9 NO>
AG*-cis-in 29.47 32.85 32.26 26.63 31.09 13.65 25.59 35.92 36.04
AG*trans-out 21.77 31.44 21.47 17.04 26.15 11.70 16.19 27.59 32.25

considered an estimate of the Woodwaktbffmann—DePuy values fall within the same range. For example, activation
rule 1 Moreover, the activation energies for the preferred enthalpies AH*) of 33.3 and 27.1 kcal/mol were determined
disrotation in each stereoisomer differ by ca. 5 kcal/mol and experimentally for acetolysis ofis,cis- andtrans,cis-1-
favor thetrans-outmotion over thecis-in. The results are  bromo-2,3-dimethylcycloproparie respectively, at 100C 60
consistent with the relative rate differences between both Besides the driving force provided by the electronic effects

reactantsk/k: = 6,030 determined experimentaflyThis underlying the WoodwardHoffmann—DePuy rule, it was
difference might then be confidently attributed to the greater considered that the stereoselectivity of the ring opening of
steric congestion in TS-cis-irelative to TS-trans-out. cyclopropy! halides could also benefit from the interaction

NBO analysis of the transition structures revealed ¢isat of the breaking bond €C with the substituents, in keeping
in-1 andtrans-out-1, show a highly dissociated C—C bond, with Houk’s finding on cyclobutenesAt the outset, how-
accompanying the rotational movement of the methyl sub- ever, moderate effects should be expected, since disrotatory
stituents. and emphasizes the main role of the breakinG C  motions are less sensitive to the direction of twist of the
bond in facilitating the departure of the leaving group through substituents upon bond-breaking and three-membered rings
stabilization of thes{._g, orbital, in line with the assump-  show greater R—C2C3 angles (ca. 120°).
tion made by Woodward, Hoffmann and DePdy. Using the reaction profiles for the disrotatory motions of

Activation energies using the Onsager model for the two the model reactions as reference, reaction energies and
allowed disrotations in a polar solver (MeOH= 32.63) geometries for reactants and transition structures for the
are listed in Table 2. Solvation stabilizes all structures, in processes depicted in Figure 1 were computed at the same
particular those of the transition states, in which charges arelevel of theory. Table 1 lists the energies of the species
dissociated. For reactants, stabilization (0.4 kcal/mol) is involved in the reactio#® Similar to the parent system,
small, whereas for transition structures is much higher, 1,solvent (MeOH) has no differential effect on the ring-
leading to a considerable reduction in activation energies. opening of cyclopropane2—9, and the transition state
The magnitude of the stabilization correlates with the stabilization relative to reactant is general.
computed dipole moments and is, therefore, more significant  No change in the simple torquoselectivity established for
for trans-inandtrans-outthan for the stereoisomerias-in the model system is observed, the reactions proceeding
and cis-out disrotations. Nevertheless, both the energy throughcis-inandtrans-outbeing favored for theis,cis and
ordering of transition structures and the torquoselectivity of trans,cisdiastereomers of the cyclopropy! derivatives, re-
the ring-opening are not altered by solvation. Transition spectively. This disrotational preference is attributed, based
structures in MeOH are found earlier in the reaction on NBO estimates, to charge donation to the antibonding
coordinate relative to gas phase, and exhibit shorteCC  orbital of the breaking €Br bond either from the dissociat-
bond distances and smaller dihedral angles for methyl grouping C—C bond or from the nonbonding pairs @rsystems
rotation. They are more asynchronous, with longerBC formed thereof; the assistance to bond dissociation is greater
distances relative to the values computed in vacuo. in the favored TS-cis-inand TS-trans-outin all cases

The inclusion of solvent effects allows for a comparison examined. Thus, from the early stages of the reaction, the
of computed and experimental values. Although the reaction breaking C—C bond is committed to interact with the
conditions are quite different (AcOH vs MeOH), the energy antibonding orbital of the €Br bond, and the two-electron
stabilization becomes the dominant interaction responsible

(16) A lower limit of 6.6 kcal/mol was estimated for the difference in  f5r the disrotational movement. As a consequence, the
activation energy between the two rotational directions available for the . . .
acetolysis ofexo-7-tosyloxybicyclo[4.1.0]heptane at 1%0 (ref 6c,d). breaking C2-C3 bond becomes less available for additional

(17) Transition structures for reactionis-outand speciallyrans-inare interactions with the neighboring substituents. Consistent
more asynchronous. In both cases, theBE bond is almost entirely . . . . -
dissociated and the C—C bond distances are shorter than for the favoredVith this view, the C—C bond can be considered fully

transition structureNevertheless, the activation energy éis-outis lower dissociated in the favored processes (except when the
than fortrans-in, partly due to a residual interaction between the breakin ; ; ; ;

C—C bond and thgs*(cy—Br) orbital which is maintained in the less compactg SUbSt_It_uem IS an amino group, which ,ShOWS a very early
transition structure for the methyl rotating outward, and partly to the smaller transition state). The role of the substituents seems to be
steric hindrance to bond rotation. NBO analysis fi@ns-in reveals that secondary, and it is only reflected in the stabilization of the
the C—Br bond is fully dissociated and might better be described as an

interaction of one empty orbital centered on carbon and another filled orbital
on bromide. Although IRC analysis shows clearly that the computed (18) Only inclusion of solvent allowed to locate the highly disfavored

transition structure connects reactants and products, TS-traessimilar trans-in-7. This result indicates the destabilized nature of the forming
to a cyclopropyl cation. All these features raise concerns on the considerationcarbenium ion in thérans-in-7 disrotation, particularly in the gas phase,
of the solvolytic ring-opening afanscis-1 by inward rotation of the methyl due to the electron-withdrawing effect of the formyl group combined with
substituents as a concerted process. the steric hindrance incured upon inward rotation.
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incipient carbenium ion and its distribution along the carbon  Electrocyclic ring opening of cyclopropyl derivatives
skeleton, in other words, on the activation energies. In ciscis-1—-9 andtransgcis-1—9 follows one of the two allowed
cyclopropanes substituted with electron acceptors (CHO, disrotational movementsjs-in andtrans-out, respectively.
NO,) andz-systems (CH=CH) the positive charge is more  In keeping with the intuitive viewing of the Woodward
localized on the proximal carbon {Cwhereas the electron  Hoffmann—DePuy rule, the preference is attributed to charge
donors (NH, OMe) contribute to place more positive charge donation from the dissociating-€C bond to the antibonding
at the distal atom (§). Activation energies are consistently orbital of the breaking €Br bond. As a consequence, it
lowered for strong electron donors, and increased for strongcan be predicted that the €EZ3 breaking bond becomes
electron acceptors, in line with the main role of the less available for additional interactions with the neighboring
substituents on positive charge stabilization. However, the substituents. In contrast to the finding of Houk in the ring
small size of the system does not allow a clear separation ofopening of 3-substituted cyclobutenes, the role of the
steric and electronic effects, and that is reflected on the trendssubstituents seems to be secondary. Work along the predic-
in activation energies for cyclopropyl derivatives with R tion of torquoselectivity in cyclopropyl derivatives substituted
H, Me, ‘Bu. with groups of different electronic nature at C2 and C3, and
Only the gas-phase ring-opening of bromoaminomethyl- its potential use in synthesis, is in progress and will be
cyclopropane computations predict a reversal of the reactiv-reported in due time.
ity, with cis,cis-4reacting faster than thieans,cis-4diaste-
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