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Chiroptical Properties of Lactones. Part lil.: Electronic Rotatory
Strengths of the n—>=* Transition in «f-Unsaturated y-Lactone Systems

By Harry Kreigh and Frederick S. Richardson,* Department of Chemistry, University of Virginia, Charlottesville,
VA 22901, U.S.A.

The chiroptical properties associated with the n->r* transition of dissymmetric «B-unsaturated y-lactone systems
are calculated and relationships between the chiroptical observables and the stereochemical and electronic structural
features of these systems are examined. The calculations are based on the INDO-MO model for the electronic
structure of the molecular systems and excited states are constructed in the virtual orbital-configuration interaction
approximation. The lowest-energy singlet—singlet transition is calculated to be of the n->=* type for each of the
af-unsaturated y-lactone structures examined. The n orbital in this transition is found to be somewhat localized
on the carbonyl oxygen atom of the 0=C—0 moiety, whereas the n * orbital is delocalized over the C=C and O—C-0O
fragments. Oscillator strengths, rotatory strengths, and dissymmetry factors are calculated for the n—>=* transition
in a number of exo-ene and endo-ene af-unsaturated y-lactone systems. The signs and magnitudes of the cal-

culated rotatory strengths are related to specific structural features in these systems.

RECENTLY we have reported calculations on the elec-
tronic rotatory strengths associated with #—>=n* trans-
itions in a number of saturated lactone and dilactone
systems.! These calculations were based on a semi-
empirical molecular orbital model in which ground-state
wave functions are obtained using the INDO method of
Pople and his co-workers 2 and excited-state wave func-
tions are constructed in the virtual orbital-configuration
interaction approximation. The results obtained for
the saturated y- and 8-lactone systems led to spectra-
structure relationships which were in substantial agree-
ment with those previously deduced from purely empiri-
cal and semi-empirical correlations. Ifurthermore, the
calculated results for both the lactone and dilactone sys-

1 Part I, F. S. Richardson and N. Cox, J.C.S. Perkin II, 1975,
1240; Part IT, F. S. Richardson and W. Pitts, J.C.S. Perkin II,
1975, 1276.

2 J. A. Pople and D. L. Beveridge, ‘Approximate Molecular
Orbital Theory,” McGraw-Hill, New York, 1970.

3 (a) A. F. Beecham, Tetrahedvon, 1972, 28, 5543; (b) A. F.
Beecham, Tetrahedron Letters, 1972, 1669.

¢ G. Snatzke, Angew. Chem. Internat. Edn., 1968, 7, 14.

tems indicated the relative contributions made to the
n—>n* rotatory strengths by asymmetric substitution
(vicinal effects) and by chiral distortions within lactone
(or dilactone) ring structures.

Here we report calculations on the n—-n* rotatory
strength for a series of «B-unsaturated y-lactone struc-
tures. The chiroptical properties of dissymmetric «8-
unsaturated lactones have been studied experimentally
by a number of workers,38 but detailed calculations on
these systems have not yet been reported. Spectra-
structure relationships which have been proposed for this
class of molecules have generally been based either on
purely empirical correlations or on sector (or regional)
rules which represent extensions or modifications of the

5 L. Bartlett, P. M. Scopes, T. B. H. McMurry, and R. C.
Mollan, J. Chem. Soc. (C), 1969, 1088.

6 W. Stocklin, T. G. Waddell, and T. A. Geissman, Tetra-
hedvon, 1970, 268, 2397.

7 F. Burkhardt, W. Meier, A. Furst, and T. Reichstein, Helv.
Chim. Acta, 1967, 50, 607

8 T, G. Waddell, W. Stocklin, and T. A. Geissman, Tetrakedron
Letters, 1969, 1313.
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famous ‘ octant rule ’ applied so successfully to dissym-
metric ketone systems.%1® These sector rules have their
theoretical basis in the static coupling (or ‘ one-electron ’)
and dynamical coupling variants of the independent
systems model of molecular optical activity.}? Direct
calculation of electronic rotatory strengths from wave
functions generated by semi-empirical molecular orbital
methods offers an alternative to the independent systems
model and is the procedure adopted in the present study.
This approach has been used in a number of studies on
molecular optical activity over the past ten years.1%13

Methods of Calculation.—The methods of calculation
employed in the present study were identical to those
used in the previously reported calculations on saturated
lactone and dilactone systems.! SCF-MO calculations
were carried out in the INDO approximation using ‘ stan-
dard ’ parameters.2 The MOs obtained from these calcu-
lations were renormalized to include overlap,1® and all
electric and magnetic dipole transition integrals were
calculated in a Slater orbital basis set. Excited states
were constructed in the virtual orbital-configuration in-
teraction approximation. Electric-dipole transition in-
tegrals were calculated using the dipole velocity form-
alism and all one-, two-, and three-centre terms were
included in calculating both the electric and the magnetic-
dipole transition matrix elements. Ground-state dipole
moments were calculated according to the procedure
outlined by Pople and his co-workers.2

Structures.—Sixteen different op-unsaturated y-lac-
tone structures were examined in the present study. In
nine of these structures the olefinic double-bond is
endocyclic and in the other seven structures the olefinic
double-bond is exocyclic («-methylene-y-lactone struc-
tures). The sixteen different structures are depicted
below.

Structures (I), (IV), (VII), (X), and (XII) are optically
active by virtue of chiral distortions within the five-
membered ring system. Structures (IX), (XV), and
(XVI) gain optical activity through asymmetric substi-
tution atringcarbonatoms. Optical activityinstructures
(IT), (III), (V), (VI), (VIII), (XI), (XIII), and (XIV)
arises from both asymmetric substitution and chiral

? W. Moffitt, R. B. Woodward, A. Moscowitz, W. Klyne, and
C. Djerassi, J. Amer. Chem. Soc., 1961, 83, 4013,

10 'W. Klyne and D. N. Kirk, in ‘ Fundamental Aspects and
Recent Developments in Optical Rotatory Dispersion and
Circular Dichroism,” eds. F. Ciardelli and P. Salvadori, Heyden
and Son, London, 1973, ch. 3.1.

11 Gee, for example: E. G. Hohn and O. E. Weigang, jun., J.
Chem. Phys., 1968, 48, 1127.

12 Sec for example: (@) A. Imamura, T. Hirano, C. Nagata, T.
Tsuruta, and K. Kuriyama, J. Amer. Chem. Soc., 1973, 95, 8621 ;
(6) R. Gould and R. Hoffmann, J. Amer. Chem. Soc., 1970, 92,
1813; (¢) W.Hug and G. Wagniere, Theor. Chim. Acta, 1970, 18,
57; (d) Y. Pao and D. P. Santry, J. Amer. Chem. Soc., 1966, 88,
4157; (e) A. Imamura, T. Hironao, C. Nagata, and T. Tsuruta,
Bull. Chem. Soc. Japan, 1972, 45, 396; (f) A. Brown, C. M. Kemp
and S. F. Mason, Mol. Phys., 1971, 20, 787; (g) S. Hagishita and
K. Kuriyama, Bull. Chem. Soc. Japan, 1971, 44, 617; (k) M.
Yaris, A. Moscowitz, and R. S. Berry, J. Ckem. Phys., 1968, 49,
3150; (z) C. C. Levin and R. Hoffman, J. Amer. Chem. Soc., 1972,
94, 3446; () J. Rosenfeld and A. Moscowitz, J. Amer. Chem. Soc.,
1972, 94, 4797; (k) J. Linderberg and J. Michl, J. Amer. Chem.
Soc., 1970, 92, 2619.
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ring distortions. Structure parameters (bond distances
and bond angles) were adapted from those reported for
various compounds containing the «B-unsaturated o-
lactone moiety.* The C=O carbonyl bond distance was
maintained at 1.208 A in all structures, the C-O bond
distance was set at 1.365 A, and the C=C bond distance
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+ or — indicates displacement of ring atom above or below the
plane defined by the O=C-0O group.

was maintained at 1.320 A in the endo-structures and at
1.330 A in the exo-structures. Displacement of C(y) from
the O=C—C plane in structures (I), (II), (III), (X), and
(XI) was set at 0.40 A. Displacement of C(g) from the
O=C-O0 plane in structures (IV), (V), (VI), (XII), (XIII),
and (XIV) was set equal t0 0.37 A. In structures (VII)
and (VIII), the C(y) and C(B) displacements were set
equal to 0.39 and 0.37 A, respectively.

In each of the eleven asymmetrically substituted
structures the absolute configuration at the asymmetric

13 (a) F. S. Richardson, D. Shillady, and J. Bloor, J. Phys.
Chem., 1971, 75, 2466; (b) F. S. Richardson, R. Strickland and D.
Shillady, J. Phys. Chem., 1973, 77, 248; (c) R. Strickland and
F. S. Richardson, Inorg. Chem., 1973, 12, 1025; (d) J. Webb, R.
Strickland, and F. S. Richardson, Tetrahedron, 1973, 29, 2499;
(e) J. Webb, R. Strickland, and F. S. Richardson, J. Amer. Chemn.
Soc., 1973, 95, 4775; (f) F. S. Richardson and W. Pitts, Bio-
polymers, 1974, 13, 703; (g) F. S. Richardson and D. Caliga,
Theor. Chim. Acta, 1974, 36, 49.

14 See, for example: (a) R. D. Gilaridi and I. Karle, Acta
Cryst., 1970, B26, 207; (b) 1. Karle and J. Karle, Acta Cryst.,
1969, B25, 434; (c) F. Mo and B. K. Silvertsen, Acta Cryst., 1971,
B27, 115; (d) D. F. Koenig, C. C. Chu, B. Krebs, and R. Walter,
Acta Cryst., 1969, B25, 2111.
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ring carbon atom is R (in the Cahn-Ingold-Prelog con-
vention).

Calculations were performed on rotameric isomers
generated by rotation about C-CH; bonds. However,
the results from these calculations showed that the proper-
ties of interest in this study are not sensitive to this
structural variable and we do not report separate results
for these various rotameric isomers.

RESULTS

The lowest-energy singlet excited state of each structure
examined in this study is best characterized according to
our calculations as an nn* state. The ‘ %’ orbital is princi-
pally localized on the carbonyl oxygen atom and the =*
orbital in this state (or configuration) is somewhat delocal-
ized over the entire C=C—C=0O moiety, with slightly larger
amplitudes on the olefinic carbon atoms. This n* orbital
has nodal planes bisecting the C=C double-bond and the C=O
double-bond (it is antibonding within each of these two
groups but bonding detween the two groups). The lowest-
energy n—>n* transition has significant intergroup charge-
transfer character with net charge density being transferred
from the carbonyl group to the olefin group.

In both the exo-ene and endo-ene structures the highest-
occupied molecular orbital was calculated to be essentially a
carbonyl oxygen ‘# ‘-type orbital. The second highest-
occupied molecular orbital was calculated to be a n-type
orbital which is bonding within both the olefin group and the
carbonyl group (with slightly larger amplitudes on the car-
bonyl group atoms), and which is antibonding between the
olefin and carbonyl groups (that is, it has a nodal plane bi-
secting the carbon-carbon bond between the two groups).
This =-type orbital also includes significant contributions
from the noncarbonyl ring oxygen atom.

The optical properties computed for the lowest-energy
singlet-singlet transition (#—>n*) in each structure are
listed in the Table.

TABLE

Calculated optical properties for lowest-energy
singlet-singlet transition (7 —= t*)

Structure AE/eV fa [R]® lele
16 6.05 0.010 8 —13.25 0.011 6
(I1) 6.07 0.009 7 —17.24 0.016 7
(I11) 6.06 0.008 9 11.31 0.011 9
(IV) 6.26 0.004 4 —9.31 0.020 6
(V) 6.16 0.005 1 ~14.62 0.026 9
(VI) 6.23 0.005 7 5.91 0.009 7
(VII) 6.44 0.004 6 —11.97 0.025 5
(VIII) 6.39 0.005 2 —14.12 0.025 4
(IX) 6.09 0.005 4 —2.40 0.004 2
(X) 6.03 0.002 2 —2.16 0.009 2
(XI) 6.01 0.002 8 —3.02 0.010 1
(XII) 6.08 0.003 4 —4.14 0.011 5
(XIIT) 6.14 0.004 1 —4.43 0.010 2
(XIV) 6.10 0.003 9 3.64 0.008 8
(XV) 5.96 0.001 9 —1.01 0.005 0
(XVI) 5.83 0.002 6 —2.06 0.007 4

@ Oscillator strength. 2 Reduced rotatory strength, [Ry] =
(100/BD) Im{yfs|di|hy>.{pjpfa||¢s>, where B = Bohr magneton,
D = Debye unit, @ = electric dipole operator, and oy =
magnetic dipole operator. ¢ Dissymmetry factor, g = 4Ry/
Dy; where Dy is the dipole strength of the transition i=>7.

DISCUSSION
It is clear from the data presented in the Table that
chiral distortions within the y-lactone ring system pro-
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duce substantially larger n—>wn* rotatory strengths
than does asymmetric substitution at ring carbon atoms.
That is, ring conformational effects predominate over
substituent vicinal effects. The sign of the vicinal con-
tribution to n—>xn* rotatory strength is the same in all
the endo-ene structures in which C(y) is asymmetrically
substituted. Furthermore, examination of the data
listed in the Table reveals that vicinal and ring conform-
ational contributions to the #n—»>=n* rotatory strengths
are nearly additive. The signs of vicinal contributions
to the n—>w* rotatory strength are also identical for
all the exo-ene structures studied here. However, asym-
metric substitution at the ring carbon atom adjacent
to the «-methylene group in the exo-ene structures pro-
duces a larger vicinal effect than does asymmetric substi-
tution at the ring carbon atom bound to the oxygen atom
of the lactone ring [compare the data for structures (XV)
and (XVI)].

In structures (I), (II), and (III), the olefinic double-
bond is twisted so that the C=C moiety is no longer planar.
However, in these structures the five atoms of the
C=C-C(=0)-O group share a common plane. In struc-
tures (IV), (V), and (VI), the olefinic double bond is
also twisted and, in addition, the C=C—C(carbonyl) group
is non-coplanar with the O=C-O group. In structures
(VII) and (VIII), there is only a very slight twist in the
olefinic double-bond, but the C=C-C(carbonyl) and
O=C-O groups are again non-coplanar. It is evident
from the data given in the Table that the #—>=n* ro-
tatory strength is quite sensitive to the magnitude and
sense (chirality) of twist about both the olefinic double-
bond and about the carbon-carbon bond connecting the
C=C and O=C-O groups in the endo-ene structures.

Chiral distortions within the olefin group are depicted
and characterized in diagrams (a) and (b). In structures
(I) and (II) the olefin group has intrinsic M chirality (left-
handed helical twist) with a dihedral angle of ~16° [see
diagram (a)]. In structure (III) the olefin group has
intrinsic P chirality (right-handed helical twist) with a
dihedral angle of ca. 16° [see diagram (a)]. In structures
(VII) and (VIII) the olefinic group has intrinsic M chirality
with a very small dihedral angle (ca. 1°).

c(y) H
H Ciy)
(a) M Helix (b) P Helix

(left-handed screw sense) (right-handed screw sense)

In structures (IV) and (V) the intrinsic chirality of the
olefin group is P (dihedral angle ca. 15°), whereas in
structure (VI) the twisted olefin group has M chirality
with a dihedral angle of ca. 15°.

Chiral distortions about the C(«)—C(carbonyl) bond are
depicted and characterized in diagrams (c) and (d). In
structures (IV), (V), (VII), and (VIII) the intrinsic chir-
ality associated with twisting about the C(«)-C(carbonyl)
bond is M (dihedral angle ca. 18°). In structure (VI)
this intrinsic chirality is P (dihedral angle ca. 18°).
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Denoting intrinsic olefin chirality by P’ (or M’) and
chirality about the C(«)-C(carbonyl)bond by P’ (or M"’),
we have then for the endo-ene structures: (I) (M, 0),
(I) (', 0), (I11) (P, 0), (IV) (P, M"), (V) (P, M""),
(VL) (M, P”), (VII) (M’,M""), and (VIII) (M’, M"),
where O denotes no chirality (achirality). A comparison
of the calculated n—>=n* rotatory strengths for struc-
tures (I) and (IV) (both unsubstituted) suggests that M’
chirality makes a large negative contribution and M"

C H
o%o—cm o;éko—cm
H [
(¢) M Helix (d) P Helix

(left-handed screw sense) (right-handed screw sense)
chirality makes an even larger negative contribution. If
we make the rather tenuous assumption that contribu-
tions from these two sources of chirality are strictly
additive, then R(I) + R(IV) should yield thenet contribu-
tion of M"’ chirality in structure (IV). Doing this (with
due reservations), we obtain a value of —22.56 for the
M contribution. In structure (VII), the M’ contribu-
tion to the rotatory should be very small since the asso-
ciated dihedral angle is extremely small (ca. 1°). In
this case, then, the M’’ contribution should dominate and
again it is found to be negative (but somewhat less than
—22.56).

Another possibly important source of chirality in
structures (I), (II), (IIT), (VII), and (VIII) arises from
non-planarity within the O=C-O-C(y) fragment ([see
diagrams (e) and (f)]. In structures (I), (1I), (VII), and
(VIII) this fragment has M chirality (dihedral angle ca.
17°), whereas in structure (III) this fragment has P

Ciy

G0 (5=o
Ciy)

(e) M Helix (f) P Helix

chirality (dihedral angleca.17°). Thissource of chirality,
of course, does not exist for structures (IV), (V), and (VI).

In the exo-ene structure (X), the methylene and O=C-
O groups are coplanar and the principal source of chirality
resides in the non-planarity of the O=C-O-C(y) fragment.
This type of chirality is depicted in diagrams (g) and (h).
In structure (X) [and in structure (XI)] the chirality of
this fragment is M (dihedral angle ca. 17°) and the cal-
culated n—>n* rotatory strength is small and negative
(—2.16). In the exo-ene structure (XII), the methylene

1677

and O=C-O groups are no longer planar. The dihedral
angle defined by C=C—-C/C-C=0 is ca. 15° and the chirality
about the C(«x)-C(carbonyl) bond is M.

c

0=8)

0 §
(h) P Helix

c
(g) M Helix

The reduced rotatory strength calculated for the 7 —m w*
transition of this structure (XII) is —4.14.

The approximations inherent in the theoretical model
adopted for this study preclude our drawing quantitative
conclusions regarding the computed results and speci-
fic spectra~-structure relationships. We may, however,
make the following qualitative statements: (1) asymmetric
substitution at the C(y) ring atom in the endo-ene «B-
unsaturated y-lactone systems produces a negatively
signed vicinal contribution to the #—>=* rotatory
strength when the absolute configuration at C(y) is
R; (2) asymmetric substitution at either of the two
saturated carbon ring atoms in the a-methylene-y-
lactone system produces a negatively signed vicinal
contribution to #n—>n* rotatory strength when the
absolute configuration at the substituted site is R; (3)
chiral distortions within the y-lactone ring system pro-
duce significantly greater n—>n* optical activity than
do substituent-induced vicinal effects; (4) vicinal and
non-vicinal effects are nearly additive; (5) inherent chir-
ality of an M screw sense within the olefin moiety of the
endo-structures [see diagram (a)] produces a negative
n—>n* rotatory strength contribution; (6) M chirality
associated with dissymmetrically disposed C=C and O=C-
O moieties [see diagram (c)] leads to a negative n—>n*
rotatory strength contribution in both the exo(cisoid)-
and endo(transoid)-ene structures; (7) M chirality
within the C(y)-O—C=0 moiety of the exo-ene structures
[see diagram (g)] examined in this study leads to a
negative n—>n* rotatory strength.

Although the magnitudes of the #n-—>wn* rotatory
strengths calculated in this study are in good approximate
agreement with available experimental data, the calcu-
lated transition energies are ca. 209, too high [experi-
mentally, AE (n—>n*) == 4.80—5.10 eV].
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