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Abstract: The octant rule has been widely applied to interpret the optical activity of asymmetric ketones in the
3000-A region, However, very little data is available to ascertain if the sign of the Cotton effect should really

change when a substituent is shifted from a back octant to the corresponding front octant.

In the present note we

review within the one-electron theory different models for the optical activity of the n—* transition in ketones. It is
shown that some of these models predict an octant rule, others a quadrant rule, depending on the influence of the sub-

stituents and on the symmetry of mixing orbitals.

In reality one must expect a superposition of octant rule and

quadrant rule behavior. To decide theoretically and unambiguously which of these different possibilities is predom-
inant requires more accurate wave functions than have been used until now. Although the octant rule has proved
its usefulness when applied to ketones perturbed in rear octants, it must be applied with caution to front-octant pertur-

bations.
by the quadrant rule,

he “octant rule”? has been widely applied to

interpret the optical activity of asymmetric ketones
in the 3000-A region. It is well established that the
optical activity at this wavelength is mainly due to the
n — 7* transition, under the perturbing influence of an
appropriate environment. The ‘“‘octant rule” states
that “the sign of the contribution which a given per-
turbing atom at point P(x,y,z) makes to anomalous
rotatory dispersion (of the ketone) will vary as the sign
of the product (xyz) of its coordinates.” There are
thus three perpendicular planes where the contribution
to the rotatory dispersion should vanish. The point of
intersection of these planes is assumed to lie on the
C-O axis, between the two atoms. As was already
pointed out in footnote 4 of the original paper,? two
of the planes are symmetry planes of the isolated keto
group, but the third one which bisects the C-O bond is
not. Itis not strictly a plane and is related to the second
nodal surface of the =* orbital. From a symmetry
viewpoint one may therefore question the existence of
this latter surface in relation to the sign of the Cotton
effect.

There is, as yet, little data on the rotatory dispersion
of ketones perturbed by substituents located in front
octants.? One cannot, at present, experimentally
prove or disprove the correctness to the octant rule for
these cases. The prediction that the sign of the optical
activity should change as the substituent moves along
the z axis and passes the region between the C and O
atom remains a hypothesis. Based on the one-electron
theory of optical activity* we want to reconsider the sim-
plest quantum mechanical models for the optical activ-
ity of ketones in the 3000-A region, with particular
attention to the change of sign along the bond axis.

(1) Most of this work was carried out while the author was at CIBA
Ltd., Basel, Switzerland.

(2) W. Moffitt, R. B. Woodward, A. Moscowitz, W. Klyne, and C.
Djerassi, J. Am. Chem. Soc., 83, 4013 (1961).

(3) C. Dijerassi and W, Klyne, J, Chem. Soc., 2390 (1963).

(4 W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem, Rev., 26,
339 (1940).

In the latter case the sign of the Cotton effect predicted by the octant rule is opposite to the sign predicted

Rotational Strength

The rotational strength of the n—=* transition is
given by the expression

Rumr = Im{(n| 7| w*Xa*|m|n)} (1)

In the unperturbed ketone the electric dipole component
(n|F|7*) is zero and hence also Rn~+ The magnetic
moment (r*/m|n) lies along the C-O axis. In the
asymmetrically perturbed ketone n and 7* mix with
other orbitals in such a way as to lead to a nonvanishing
component of the electric transition moment along

the C-O axis. In general this may be expressed as
n’ =n+ g+ 8D (22)
' = 7% + ¢ + 8D (2b)

¢1 and ¢ are appropriate linear combinations of atomic
wave functions centered on the C and O atom of the
keto group, while D refers to orbitals belonging to
external substituents, 6; and §; being coefficients. We
note that

m* = Coxc2psc + Crr02p20; N=2p,0

The matrix element of the electric transition moment
becomes

('|7|7*) = (a| 7| @) + (1| | 7*) + 0n| 7| D) +
(D[ (3)

The first two terms represent transitions within the keto
group itself, whereas the latter two terms correspond to
charge-transfer components.

Depending on the nature of the asymmetric environ-
ment the perturbation leading to optical activity may
be considered either (i) as an electrostatic “distortion’’
of the keto orbitals due to incomplete shielding of the
nuclei of the substituents, or (ii) as a mixing of the keto
orbitals with the external substituent orbitals due to
overlap effects. The relative magnitude of the four
terms in expression 3 will then of course depend on the
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relative importance of i and ii, as well as on the geo-
metric properties governing the matrix elements of the
electric dipole operator. We may assume, throughout
our work, that the magnitude of (7*’|7|n’) remains
little affected by changes in the asymmetric environ-
ment.

Cases with Negligible Charge Transfer

1. Electrostatic Perturbation. We shall not make
any further assumptions on the analytic form of the
perturbing potential V'p arising from the substituent D
than that it decreases monotonically toward infinity
and that it has the same sign throughout space.

(a) We shall first assume that the main effect of
Vp is the admixture of higher C- and O-centered atomic
orbitals ¢ to 7*, If the isolated keto group is of sym-
metry Ca,, then 7 transforms like By, whereas n trans-
forms like B,. To allow for a nonvanishing component
of the electric dipole transition moment along the z
axis ¢ must itself transform like B,, because z trans-
forms like A;. Consequently, ¢» may be, for instance,
a linear combination of p, or of d,, orbitals, Mosco-
witz® has considered the case where o1 = 0, 61 = 0, 62 =
0, and w2 = )\2,03(11,;,0 + )\2,C3d1/=,C' By first-order
perturbation theory and neglecting integrals between
orbitals on different atoms

Mo = Curo (2pz0!| V| 3dy0)/AE0
AEy = E(2p:0) — E(3dyz,0)
N = Cprc2psc| V| 3dys,c)/AEC
AEq ~ E(zpz,C) - E(3d1/z,C)
From (3) it is immediately apparent that the relative
sign of (n’| 7| 7*"), depending on the position of the sub-
stituent, is given by the signs and relative magnitudes

of Agp and Agc. As was shown by Moscowitz and as
may be seen in Figure 1, this situation indeed leads to an
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Figure 1. The m* orbital and the small 3d,, components which the
perturbation adds to it. Between the two atoms (n’|Fimr*’)
changes sign. The signs of \;,c and of Xz,0 before and behind the
C and O atom, respectively, are indicated.

octant rule. The rotational strength vanishes on the
surface bisecting the C-O bond and containing all
points where

As0(n ! _':l 3dy.0) = — )‘2,C<n, —’:l 3dye0)
On the other hand, as (n|7|3p,,0) = 0, the admixture of
(5) A. Moscowitz, Advan, Chem. Phys., 4, 67 (1962),
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Figure 2. The r and n orbital. The sign of (n’|7 |7*”) is in this
case determined by the sign of A\, as indicated.

3p, orbitals to 7* is certainly of much lesser importance
in making the n—m* transition electric dipole allowed.
However, it is interesting to note that such a mechanism
would not lead to an octant rule, but to a quadrant rule
instead.

(b) The admixture of a contribution of type 7 to the
n orbital through the influence of the perturbation
Vp cannot be considered to be negligible. This mech-
anism was already considered by Schellman and Oriel
in their study of the Cotton effect in helical polypeptides
due to the n—7* transition.! Weset ¢1 = M, i.e.

n’ = n+ Nimy, M = (0|Vplr)/AE,,, AE., = E, — E,

from which follows (n’|7|7*’) = A(=|F|w*). Boththe
strength of the w—m* transition and the relative magni-
tude of the denominator AE,,—as compared with
AE, or AEq, in spite of the fact that only rough esti-
mates of these latter quantities are possible—speak in
favor of n-m mixing. We notice that the sign of
R,.+ is fixed by the sign of Ay, which transforms like the
sign of the product of the orbitals n and = (see Figure
2).

It becomes apparent that there is no plane bisecting
the C-O axis on which R,,» vanishes. Consequently
we are, in this case, led to a quadrant rule, as Schellman
and Oriel noted.

II. Overlap Perturbation. We consider a ketone
perturbed by an s-type orbital. The orbital D of the
substituent, which overlaps and consequently mixes
with the keto orbitals n and 7, is considered for simplic-
ity to be nodeless and to resemble an s function in the
way in which it interacts. Matrix elements of the
perturbation are assumed to be proportional to the
corresponding overlap integrals, Of course A vanishes
to first order, but to second order one finds

n’ = n+4 A7

and

, _ {n| Hp| DXD|Hp|m) _ 2 SapSDr
AE,pAE,, AE,pAE,,

u being a constant of proportionality. The product
S.pSp.- transforms again like the product of the wave
functions n7 and leads accordingly to a quadrant rule
for Ra+.

It is interesting that the sign of R, also depends on

M

(6) J. A. Schellman and P, Oriel, J. Chem. Phys., 37, 2114 (1962); J.
A. Schellman, ibid., 44, 55(1966).
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Table I. Determination of the Sign of Ra~+ by the Charge-Transfer Model in Three Regions of Space Following the z Axis.
Behind C and before O, R+ Tends to Have the Same Sign. P¢ = 2p.,¢, Po = 2pz,0, Ca*,0 = Co, Cat,c = Co

x y CoPc|D) ColPolD) (u|7F|D)  &n|7|D) (|D) CuPc|#|D) ColPo|7|D) 8(x*|7|D)  Rux+
Location of D. Space in back of C: [(Pc|D)|) [(Po| D)}

+ + + - - - + - + - -

+ - + - + + - - + + +

- + - + - + + + - + +

- - - + + - - + - - -

Space between C and O: Region where [(Pg]D)| =~ |(Po|D)|

+ + + - - Undet + + + + +

+ - + - + Undet - + + - -

- + - + - Undet + - - - -

- - - + + Undet - - - + +
Space in front of O: Region where |(P¢|D)| ( |[(Po|D)|

+ + + - + - + + - - -

+ - + - - + - + - + +

- + - + + + + - + + +

AE,p. This might furnish a rough explanation for the  simplicity (s type), namely, that the relative sign of the

fact that substituents D with different ionization poten-
tials (for instance, fluorine and chlorine) may lead to a
rotational strength of different sign in the same quad-
rant. Of course, this conclusion rests upon the as-
sumption that the influence of a halogen atom may be
described by an s-type perturbation and presupposes
that our Hickel-type energies AE,p, AE,, may be
significantly correlated with the ionization potential of
the substituent.

As the overlap perturbation discussed here is of
second order, one may assume it to be less important
than the first-order electrostatic effect. Such a com-
parison requires a detailed estimate of (n|Vp|7) vs.
#2SypSp./AE,p for a particular case. This lies beyond
the scope of this present work.

Cases with Predominant Charge Transfer

The idea that it is essentially a charge-transfer com-
ponent which is responsible for the optical activity of
the 3000-A carbonyl band has been discussed in a
general way by Mason and applied by both Mason and
Moscowitz and co-workers®? to unsaturated ketones.
With this model the sign of the rotational strength is
not only determined by the sign of coefficients in the
wave function, i.e., 8 and &, but also by the trans-
formation properties of the projections of the vectors
(D|7|7*) and (or) (n|7|D) onto the z axis, i.e., onto
(nfi|m*). The rotational strength for the n-=* transi-
tion is given by the expression

Runx = Im{[xn|7|D) + SD | F| 7 Kn| 7| m*)}
with
8 = (r*|Hp|D)/AEp =~
#{Crt,0(2Pz,0| D) + Caxc 2psc|D)}/AE+p
& = (anD[D)AEuD ~ w(n|DY/AE,p
We shall here not be concerned with unsaturated ketones

and we assume, as in the cases with negligible charge
transfer, that the wave function of D is of idealized

(7) S. F. Mason, Mol. Phys., 5, 343 (1962); Quart. Rev. (London),
17, 20(1963).

(8) K. Mislow, M. Glass, A. Moscowitz, and C. Djerassi, J. Am. Chem,
Soc., 83, 2771 (1961).

(9) A. Moscowitz, K. Mislow, M. Glass, and C. Dijerassi, ibid., 84,
1945 (1962).

overlap integrals (2p,,0/D) and {2p,|D) are solely deter-
mined by the signs of n and 2p,, respectively, and the
position of the substituent orbital D, The sign of the
projection of (n|7|D) onto z is then given by the sign of
the product of the overlap integral (n|D) and the pro-
jection of the position vector Fop onto z, Fopk (see
Appendix). Similar considerations are applicable to
(D|7|7*). The sign of Ry is best assessed with help
of Table I. Following the z axis, space is subdivided
into a part in back of the C atom, a part between the C
and O atoms, and a part in front of the O atom. In the
part of space in back of the C atom the matrix elements
between D and 2 p,c predominate. In front of O we
find a region where the relative sign of R, is determined
by the sign of the matrix elements between D and 2p, .
One must, of course, remember that C,+c and C,x0
have opposite signs. It must also be noted that since
(2p.,0|D) will in general be smaller than (2p,,c|D) at
comparable distances, there may be some points even
in front of O where C,»c(2p;c|D) is the dominating
term in §,. Nevertheless, the general conclusion is that
both 8x(n|7{D) and 8i(w*| 7D) tend to have the same sign
in back of C and in front of O. We do not, therefore,
have an octant rule, but again, rather a quadrant rule
with undetermined signs (depending on the relative
magnitude of the different terms contributing) for R, «
in the intermediate region. The absolute signs of
85(n|7|Dyand 8i(r*| 7 D) are chosen arbitrarily, but they
are irrelevant to our argument,

Conclusions

Within the framework of the simplest one-electron
theory we critically compare different mechanisms to
explain the optical activity of ketones. As we have
seen, the influence of the substituent(s) may be viewed
as an electrostatic or as an overlap effect.

If we consider the ketone as a symmetric chromophore
perturbed by an asymmetric environment, we may be
led to an octant rule or to a quadrant rule. Schellman
and Oriel showed that from a group theoretical point of
view quadrant rule behavior is more fundamental. On
the other hand, Moscowitz has had considerable success
in correlating a model based on 7*-3d,, mixing—and
consequently predicting an octant rule—with experi-
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Figure 3. The transformation of x, y, z to & 7, and ¢,

mental data for saturated ketones, However, in all
compounds examined the perturbation was in back
octants,

The optically active ketone may also be viewed as an
inherently dissymmetric system, in which the keto
orbitals mix with the substituent orbitals, leading to
charge-transfer transitions. Such an approach was
followed, even for saturated ketones, by Mason. In
the present note we have also examined this model from
the point of view of front-octant perturbations. Within
our simplifying assumptions the model favors a quad-
rant rule. However, the result depends strongly on
the relative magnitude of certain overlap integrals.

A possible superposition of quadrant rule and octant
rule behavior may lead to a situation where a substit-
uent has a strong influence on the rotational strength
if it is located in, say, back octants, but a relatively
small effect if it is in front octants.

An unambiguous prediction of the optical activity of
asymmetric ketones requires detailed calculations based
on more accurate wave functions than the ones that
have been used until now. It might be of great interest
to have additional data on ketones perturbed in front
octants., This experimental evidence might help in
refining the theory.
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Appendix

We wish to prove that the sign of the projection of
(n|#D) onto the C-O axis (z axis) depends on the
position of the substituent D in the same way as the
sign of the product of the overlap integral (n/D) and
the projection of the position vector 7op onto that axis.
We consider two coordinate systems x,y,z and &9,

centered in the O atom and having unit vectors 7, j, k

—_ = -

and &, 9, {, respectively. These unit vectors are related
by the equations

—é = cos ¢>? + sin ¢>;
1; = —sin ¢ cOs 15‘?+ COS ¢ COS 19;+ sin 9k
? = sin ¢ sin 87— cos ¢ sin 15‘}:+ cos Ok

It is assumed that { coincides with 7gp. Thus the
position of the substituent D with respect to the keto
group is characterized by the Eulerian angles ¢ and
¢. The angle ¢ goes from O to 27 and corresponds to a
counterclockwise rotation about the z axis, the angle
¢ has the range 0 to 7 and refers to a similar rotation
about the £ axis (see Figure 3).

It is convenient to look at (n|7/D) not in the dipole
vector, but in the dipole velocity form (n|p|D). In the
£,m,¢ system one may write

(np|D) = c[n;a—é + n,an + nrb}]
where
a={2p;|6/6¢| D)=/1(2p,| 8/6n| D); b=(2p|6/¢|D)

and ¢ is a constant. #g n,, and n, are the projections
of 2p,,0, i.e., the n orbital, onto the axes & #, and ¢.
Matrix elements such as (2p;|8/dn| D) vanish because
of the assumed s symmetry of D. We find #; = sin ¢,
n, = cos ¢ cos ¥, n; = —cos ¢ sin &; consequently

<n[;[D) = [ 7{sin ¢ cos ¢ sin? & (a — b)} +jia—
cos? ¢ sin®d (a — b)} + k {cos ¢ sin ¥ cos ¢ (a — b)}]

Looking at the k component, it is easy to verify that the
sign of the product cos ¢ sin ¢ cos # changes in the same
way, according to the position of the substituent D, as

the sign of the product (n\D)(;OD;).
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