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The title compound 1 undergces reaction with electrophilic reagents such as dichlorocarbene
regioselectively on the n-face endo to the chlorine. The crystal structure of 1 indicates significant
geometrical distortions of the two rings, which we attribute to a stabilising interaction between the
C-Cl o* orbital and the exo n-orbital. PM3 calculations of these orbitals, the electrostatic potential
and transition state models for dichlorocarbene addition all agree with the observed regioselectivity.

Stereoselection of n-faces by both nucleophilic and electrophilic
reagents is currently the focus of much experimental' and
theoretical 2% attention. Current theories tend to favour hyper-
conjugative ? rather than electrostatig > models for both nucleo-
philic and electrophilic addition to e.g. carbonyl or exo-
methylene double bonds. According to the Cieplak model,?
stereo- or regio-selection is a consequence of specific interaction
between an ‘electron rich’ ¢ orbital and an antiperiplanar o*
orbital on the electrophile or nucleophile.
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We have recently reported* that the diene 1 reacts with
electrophilic reagents such as dichlorocarbene or peracids
regiospecifically on the double bond endo to the chlorine
substituent, on the face of the molecule opposite the cyclopropyl
ring. In a relatively rigid system apparently free from steric
differentiation, regioselection could arise from either orbital or
electrostatic control ° or from specific factors present only in the
transition state.>® The Cieplak orbital model cannot be used to
distinguish between the alkene groups in 1, since they share
common antiperiplanar ¢ orbitals. Electrostatic n-facial asym-
metry has been proposed’ to account for the chiral dis-
criminatory behaviour of e.g. the Pirkle reagent 2, and a similar
asymmetry in the calculated PM3 electrostatic potential (MEP)
for 1 was indeed noted.” This was attributed to stabilising
antiperiplanar interactions between the CI-C o* orbital and the
occupied exo m-orbital, rendering the endo double bond more
nucleophilic in both a frontier orbital® and an electrostatic
sense. One prediction arising out of this analysis ’ was that the
Cl1-C o* exo m-orbital interaction would result in a geometrical
distortion of the exo double bond towards the bridgehead
carbon. Since 1 is a liquid at room temperature, verification of
this prediction required specialised techniques of low tem-
perature crystallisation and data collection.® We now report the
crystal structure of 1, together with a more detailed analysis of
its reactivity.

Results and Discussion
The predicted distortion of 1 is indeed observed in the crystal
structure (Fig. 1).* The distance between either of the two exo

Cl

Fig. 1 Thermal ellipsoid drawing of 1, relevant distances (A) and
angles: C(9)-Cl 1.767(1), C(1)-C(2) 1.494(2), C(8A)-C(1) 1.516(1),
C(2)-C(3) 1.330(2), C(3)-C(4) 1.496(2), C(4)-C(4A) 1.517(1), C(5)-
C(4A) 1.522(2), C(8A)-C(4A) 1.523(1), C(9)-C(4A) 1.508(2), C(5)-C(6)
1.499(2), C(6)-C(7) 1.335(2), C(7)-C(8) 1.497(2), C(8)-C(8A) 1.523(t),
C(9)-C(8A) 1.507(1), C(9)-C(2) 3.243, C(9)-C(6) 3.000, C(4A)-C(9)-
C(8A) 60.7(1)

double bond carbons and the central bridgehead carbon was
observed to be 0.24 A shorter than the analogous endo distance,
compared with a discrimination of 0.41 A in the same direction
predicted from the calculations.i Antiperiplanar overlap with
the CI-C o* (LUMO + 2) orbital results in the exo n-orbital
(HOMO — 1) being stabilised by 0.08 eV relative to the endo n-
orbital (HOMO). The HOMO — 1 is also more delocalised,

t X-ray determination of C,,H,,Cl: Cylindrical crystal, diameter 0.3
mm, Nicolet R3Im/V diffractometer, Mo-K« radiation, 7 = 120K, a =
12.363(3). b = 6.423(2), c = 11.874(1) A, B = 105.42(2)°, V = 909.0(4)
A% Z = 4, d(calc) = 1320 g cm™, 4 = 3.6 cm™!, P2,/c, 5027 unique
(20m0x 85°), 4265 observed intensities [|F,| > 40(F)], 157 parameters,
direct methods and full matrix least squares on F (SHELXTL-Plus).
R = 0045, R, = 0048, w-1 = [6(F,) + 0.0018F,2]. Hydrogen atoms
were located in difference Fourier and refined without constraints. Lists
of atomic co-ordinates, bond lengths and angles, and thermal
parameters have been deposited at the Cambridge Crystallographic
Data Centre (CCDC). See ‘Instructions for Authors’, J. Chem. Soc..
Perkin Trans. 2, 1992, issue 1.

1 Calculations: Geometries were optimised at the PM3? level using the
MOPAC program (Version 5.2) on a Tektronix CAChe workstation,
which was also used to render the calculated electrostatic potentials
and the molecular orbitals. Transition states were located using the
eigenvector following method '® and stationary points so located had
one negative eigenvalue in the Hessian matrix as required of a transition
state, with the correct displacement coordinates. Molecular entropies
were calculated from the normal vibrational frequencies obtained from
the mass-weighted Hessian matrix.
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Fig. 4 Calculated PM3 transition state structures for (@) 3 and (b) 4.
The transition state C—C bond lengths were 3: 2.020 and 2.339 A; 4:
2.023 and 2.314 A,

with significant components on the n-type cyclopropyl orbital
(Fig. 2). This results in smaller pr-orbital coefficients on each of
the exo (0.54) compared to the endo alkene carbons (0.58). Both
effects would result in a frontier orbital prediction® that the
endo alkene would be more reactive towards an electrophilic
reagent. This result is also equivalent to the approach intro-
duced by Hehre,* which involves superimposing the frontier
orbitals onto an isovalued electron density surface. When this is
done, the endo alkene clearly shows a larger sterically accessible
n-orbital area than the exo alkene.

The electrostatic component of the Klopman—Salem
equation® can be estimated from the relative sizes of the
negative components of the PM3 electrostatic isopotential (Fig.
3). This clearly shows a bias towards the endo alkene, again in
agreement with the known reactivity. The reasons for this are in
some part due to the geometrical distortions of the two rings, in
which overlap of the endo alkene m system with the central
cyclopropyl pseudo n-orbital is enhanced. Finally we note that
the same geometrical distortion of the exo ring enhances its
antiperiplanar relationship with the electron rich cyclopropyl o-
bond, thus potentially promoting the exo alkene via a Cieplak-
type effect. This interaction is clearly too weak to influence the
observed endo preference.

These conclusions are all based purely on the properties of 1
as a reactant. It is of some interest to evaluate also a transition
state model of the reactivity of 1. Two isomeric transition states
3 and 4 (Fig. 4) for exo and endo addition of dichlorocarbene
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respectively were located. The two C—C transition bond lengths
are unequal in length, the longer having a diaxial relationship
to the carbene lone pair, assuming ca. trigonal bipyramidal
coordination at the reacting carbon centre. Such asymmetry is
to be expected for a thermal 4n-electron cheletropic process.
The calculated PM3 transition state enthalpies [AH* 98.3 (4),
97.5 (3) kcal mol™!'] actually show a small discrimination (0.8
kcal mol™1) in favour of the exo transition state, although this is
reduced to 0.2 kcal mol! for the corresponding free energies
AG*due to a 2.2 cal mol~! K-! difference in AS* between 3 and
4. The enthalpic result can be attributed to greater steric
interactions between the methylene protons for the endo
compared with the exo transition state (Fig. 4).

Inspection of the dipole moments for 3 and 4 reveals the latter
to have the higher value. Using the Self-Consistent-Reaction-
Field model,!! which has been shown to provide good estimates
of relative solvation energies, a relative permittivity of 10
(typical of the chlorinated solvents used in the original
experiments *) and a reaction cavity radius of 3.68 A, the dipole-
induced solvent stabilisation was calculated as 0.1 and 0.4 kcal
mol™! for 3 and 4 respectively. Thus when both transition state
entropy and solvation are considered, a very small 0.1 kcal
mol~! specificity for the endo isomer is predicted. In practice,
this isomer is the only detectable product, which implies that
the true free energy difference is significantly greater than
0.1 kcal mol™! and that the PM3 transition state model is
not quantitatively accurate.” Nevertheless this analysis does
empbhasise the cumulative importance of many small effects in
controlling regioselectivity, and shows how stereoelectronic
effects may dominate many aspects of alkene regioselection.

References

1 L. A. Paquette, L. W. Hetel, R. Gleiter, M. C. Bohm, M. A. Beno and
G. G. Christoph, J. Am. Chem. Soc., 1981, 103, 7106; D. Mukherjee,
Y.-D. Wu, F. R. Fronczek and K. N. Houk, J. Am. Chem. Soc., 1988,
110, 3328; E. Vedejs and W. H. Dent, J. Am. Chem. Soc., 1989, 111,
6861; G. Mehta and F. A. Khan, J. Chem. Soc., Chem. Commun.,
1991, 18 and references cited therein.

2 A. S. Cieplak, B. D. Tait and C. R. Johnson, J. 4m. Chem. Soc., 1989,
111, 8447;S. S. Wong and M. N. Paddon-Row, J. Chem. Soc., Chem.
Commun., 1990, 456; 1991, 327; N. T. Anh and O. Eisenstein, Nouv. J.
Chem., 1977, 1, 61; M.-H. Lin and W. J. LeNoble, J. Org. Chem.,
1989, 54, 997, 3836.

3 S. D. Hahn and W. J. Hehre, J. Am. Chem. Soc., 1987, 109, 663; 1988,
110, 4625; T.-M. Chao, J. Baker, W. J. Hehre and S. D. Kahn, Pure.
Appl. Chem., 1991, 63, 283.

4 B. Halton and S. G. G. Russell, J. Org. Chem., 1991, 56, 5553.

5 I. Fleming, Frontier Orbitals and Organic Chemical Reactions, Wiley,
London, 1976.

6 H. S. Rzepa and W. Wylie, Int. J. Quant. Chem., 1992, in press.

7 H. S. Rzepa, M. L. Webb, A. M. Z. Slawin and D. J. Williams,
J. Chem. Soc., Chem. Commun., 1991, 765.

8 D. Brodalla, D. Mootz, R. Boese and W. Osswald, J. Appl. Cryst.,
1985, 18, 316.

9 J. 1. P. Stewart, J. Comput. Chem., 1989, 10, 209, 221; J. J. P. Stewart,
J. Comp. Aided. Mol. Design, 1990, 4, 1.

10 J. Baker, J. Comput. Chem., 1986, 7, 385; M. Lehd and F. Jensen,
J. Org. Chem., 1990, 55, 1034; J. Baker, F. Jensen, H. S. Rzepa and
A. Stebbings, Quantum Chemistry Program Exchange Bulletin, 1990,
10, 76.

11 L. M. Ferreira, A. M. Lobo, S. Prabhakar, M. J. Macelo-Curto, H. S.
Rzepa and M. Yi, J. Chem. Soc., Chem. Commun., 1991, 1127 and
references therein.

Paper 2/00602B
Received 4th February 1992
Accepted 25th February 1992



J. CHEM. SOC. PERKIN TRANS. 2 1992

(q)

(

9)

B (0 J€ PAN0IN0D {(0) 7 + OIT Y PUB(9) | — OIOH W}

(v) OINOH 241 01 Sulpuodsario0 °] 10 S|RIGI0 C NG PIIRMO[ED) T Big

(Facing p. 448)



J. CHEM. SOC. PERKIN TRANS. 2 1992

ALE3SU U} Yiim ‘S3IUEH G700 —/+ 1€ PINOIUOD ‘[ JO IPIS 3Y) (@) PUE SULIO[YD 3y ausoddo 20§ ay3 wosy (v) umoys [erudlod J1BISOIIO3 TeNOI[OU

(q)

(g)

an[q ut umoys [enusjod
ENd PAIIEIMED ¢ 314






