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The mechanism of the intensity gain of the n-π*transition has been investigated in several

carbonyl compounds;(1) cyclohexane-1,4-dione, (2) d-α-bromocamphor,(,3)bromonoranisatinone,
(4)d-α-cyanocamphor, and(5)spiradine A methiodide. The results on the polarized absorption

spectra of single crystals at room temperature have revealed that several mechanisms are involved

in the appearance of the carbonyl n-π*band. These mechanisms,(1)the vibronic coupling,

(2)the lowering of the symmetry properties of the n and π orbitals by the substituent perturbations,

and (3) the charge transfer from the substitucnts, arc discussed theoretically and compared with 
the experimental results. It is shown that the in-plane components, either parallel or perpendicular 
to the carbonyl axis, are predominant as the source of the band intensity. The ratio of intensities 
parallel and perpendicular to the carbonyl axis is estimated by the use of the polarization results.

  Since McMurry1)first discussed the nature of

the n-n*transitions of the carbonyl compounds,

there have appeared many experimental and theo-

retical studies of the mechanism of the intensity

gain of the n-π* electronic transitions.21 The

intensities of the symmetry-forbidden transitions

can be observed by vibrational or other kinds of

perturbations;the detailed mechanism of these

transitions are important in elucidating the origin

.of the optical activity of the carbonyl compounds.3)

Pople and Sidman4)studied the vibronic coupling

in formaldehyde, considering especially the mixing

of the A2-type n-π*cxcited state with the B1 and

B2-type excited states. Their conclusions were in

agreement with those of the classical experimental

work of Dieke and Kistiakowsky,5)who had decided

that the transition is allowed along the direction

in plane and perpendicular to the carbonyl axis.

Cookson and his group6)noticed the intensification

of the n-π*transition in the β,γ-unsaturated carbonyl

compounds; Labhart and Wagniere7) explained 

it by the charge-transfer mechanism. Vala and 

Tanaka8) have demonstrated that the direction of

the n-π*transition moment of 4,4'-dichloroben-

zophenone is parallel to the carbonyl axis and have 

discussed the mechanism of the intensity gain. In 

the present paper we will present results on the po-

larized absorption spectra of several compounds 

containing carbonyl groups. 

  The results of the low-temperature spectral studies 

of cyclohexane-1,4-dione, which are consistent with 

the present results, will be presented in a separate 

paper. 
 The optical activity of the carbonyl compounds 

have attracted much attention from the organic 

chemical point of view,9) and the "octant-rule" 

has been establisehd10) and discussed in many

papers.11)The direction of the n-π*transition mo-

ment is definitely important in clarifying the 

mechanism of the octant rule.12) The present 

results will provide fundamental information con-  *1 Present address: Government Industrial Research 
Institute, Nagoya, Hiratemachi, Kita-ku, Nagoya. 
  *2 Present address: Dainippon Ink and Chemicals , 
Inc., Urawa, Saitama. 
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Fig. 1. The perturbing orbitals of all substituents 
 are schematically shown at X and Y. The coor-

 dinates for the carbonyl group are shown together, 
  the z is the direction of the carbonyl axis, x is in 
 the plane and perpendicular to the axis, and y is 

 in the direction out of the plane.

cerning the origin of the optical rotatory power 

of the carbonyl compounds. 

        Theoretical Considerations 

 The origin of the electronic transition of formalde-

hyde is shown to be intensity borrowing by the 

vibronic interactions. The theory of Pople and 

and Sidman,4) confirmed by several experiments,13) 

is that the transition moment is along the x axis, 

as is shown in Fig. 1. However, a little component 

is found along the carbonyl axis, though it is not 

big enough to explain the optical activity of the 

asymmetric ketones.14) The vibronically-perturbed

n-π*cxcited states for the C2v symmetry system

may be given by:

(1)

where qd, qb, and q, refer to the normal coordinates 

of the b1, b2 and al-type vibrational motions. The 

mixing with higher excited states will allow the

 n-π*  transition to appear along the x, y, and z axes

respectively. A quantitative calculation of these 

terms is difficult for complex molecules; however, 

the selection rules can be confirmed by the polarized 

absorption measurements.

    In β, γ-unsaturated ketones the intensity of the

n-n*transition is greatly enhanced, as is shown in

Table 1. Labhart and Wagniere7) suggested that

the configurational interaction with the charge-

transfer state is the major source of the intensity

enhancement. The mixing of the charge transfer

in the n-π* state may be described by:

(2)

Where ψCT indicates the charge-transfer state from

the β, γ-unsaturated bond to the caxbonyl group.

The other charge-transfer configuration, one which 

involves the transfer of the nonbonding electron 

of the carbonyl group to the unsaturated bond, 

will have a higher energy because of the large 

ionization potential of the nonbonding electron

TABLE 1. THE ENERGIES AND INTENSITIES OF THE n-π* TRANSITIONS

 Here vmax is the frequency of the absorption maximum in the crystalline state and in solutions. 
 The ratio is that of two components x and z by assuming that the polarization of the transition moment 
is in the plane of the carbonyl group (see Fig. 1). 
εmax is the maximum molar extinction coefficient.

13) J. C. D. Brand, J. Chem. Soc., 1956, 858. 14) J. Tanaka and K. Ozeki, to be published.
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and small matrix elements; therefore, it will be 

neglected in further discussions. The transition mo-

ment induced by the charge-transfer configuration 

will have the direction inherent in the charge-trans-

fer transition. Although Labhart and Wagniere7) 

have not discussed the direction of the induced

n-π* transition, it is along the line connecting

the centers of the electron donor and the acceptor

groups. Another source of the intensities of the

n-π*transition is the deformation of the nonbonding

and π orbitals by the perturbation of the adjacent

conjugated systems.

  The symmetry properties of the n and π molecular

orbitals of the carbonyl group are destroyed when

the substituents are located asymmetrically to the

plane of the carbonyl group. For instance, the

vacant π* orbital involves not only the 2pπy a.o.,

but also the 2pπx a.o. of the carbon and oxygen

atoms, because the maximum stabilization of the 

energy is obtained after the mixing of the orbitals 

of asymmetric substituents with all the orbitals of 

the carbonyl group. If we denote the asymmetric 

substituents by X and Y, as is shown in Fig. 1, the 

wavefunction of the carbonyl group will be given 

by:

 The electronically-allowed component of the 

n-ƒÎ* transition will be given by the transition 

matrix elements of the type;

and

both of which are polarized along the z-axis. The 

coefficients ax, bx, • • • will be large when the X and 

Y groups have pronounced substituent effects. 

However, they will be zero for the strict C2v sym-

metry system. 

 A semiquantitative discussion of the mixing

of n, π, and π* orbitals has been presented by

Allinger and Tai.15)

  Since the polarization properties of the n-π*

transition produced by these mechanisms are 

different, it is important to determine the direction 

of the electronic transition moment with several 

kinds of carbonyl compounds in order to clarify 

which mechanism is predominant as the source

of the n-π* intensity.

               Experimental 

The electronic absorption spectra of the following

compounds;(1)cyclohexane-1,4-dione,(2)d-α-bromo-

camphor, (3) bromonoranisatinone,(4)d-α-cyano-

camphor, and (5) spiradine A methiodide were measured 
in ethanol or EPA solutions and in the crystalline 
states. The polarized crystalline absorption spectra 
were measured by means of an ultraviolet microspectro-
photometer described previously.16) The materials 
used were recrystallized from ethanol or ligroin. The 
bromonoranisatinone and spiradine A were gifts from 
Professor Hirata of our department. The crystalline 
axes of these crystals were confirmed by the X-ray 
method before the measurement of the crystalline 
absorptions.

                 Results 

  1) Cyclohexane-1,4-dione. The crystal struc-
ture of cyclohexane-1,4-dione has been determined 
by Mossel and Romers,17) and by Groth and 
Hassel.18) The crystal is monoclinic, with a space 

group of P21 with two molecules in a unit cell. 
The projection of the molecules in the unit cell on 
the (101) plane, which is the most frequently 
developed face, is shown in Fig. 2. The crystalline 
spectra of cyclohexane-1,4-dione at room tem-
perature are shown in Fig. 3. The spectrum in 
an EPA solution at room temperature is also 
shown there; its maximum is observed at 35500 
cm-1

, with a molar extinction coefficient of 60. 
The crystalline absorption bands were observed

Fig. 2. Projected view of cyclohexane-1,4-dione on 
 to the (101) plane according to the X-ray results.

 15) N. L. Allinger and J. C. Tai, J. Am. Chem. Soc., 
88, 2179 (1966).

 16) J. Tanaka and M. Shibata, This Bulletin, 41, 
34 (1968). 
 17) A. Mossel and C. Romers, Acta Cryst., 17, 1217 
(1964). 
 18) P. Groth and O. Hassel, Acta Chem. Scand., 18, 

923 (1964).
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Fig. 3. The spectrum of cyclohexane-1,4-dione in

  EPA solution at room temperature(fine line)
  and the absorption of cyclohexane-1,4-dione crys-
  tal taken with the(101)plane.

― The light is polarized parallel to the b axis.

     (bold line).

------ The lightis polarized parallel to the[101]axis

Ordinate: left, the molar extinction coefficient for

          the spectrum of the solution.

         right, the optical density for the crystal

          spectra.

Abscissa:frcquency(in 103cm-1 unit)

------in EPA ------Iac  ―Ib

in the same region; they show intervals of 1100cm-1. 
The dichroic intensity ratio parallel to and per-
pendicular to the b axis (Ib:Iac) is 1.0:1.3. 
Since the absorption intensities are weak and since 
the strong transitions are located in the higher-
energy region, it is safe to use the oriented gas 
intensity ratio in discussing the direction of the 
transition moment. If the transition were allowed 
along they axis in Fig. 1, the absorption intensity 
would be far stronger along the b axis than along 
the [101] direction. The experimental results are 
contrary to this presumption; therefore, we may 
disregard the possibility of the y axis polarization
for the n-π*transition in this compound. Although

Brand19)discovered an out-of-plane component in

some α,β-conjugated carbonyls, none of the present

results showed any evidence for an out-of-plane 

component, at least in the saturated ketones. If 

we restrict the polarization in the plane of the 

carbonyl group, neither x nor the z axis polarization 

alone can explain the observed intensity ratio. 

Therefore, the whole band may be considered to 

consist of two components, x and z; the ratio of the 

components has been determined to be Ix:Iz= 

0.74:0.26. This result indicates that more than

two different mechanisms are operative in the

present molecule. The low-temperature spectra,
which will be presented in the succeeding paper,
support this idea by showing the details of the
vibrational progressions of this band.
  2)d-a-Bromocamphor. The crystal structure
analysis of d-α-bromocamphor and d-α-cyanocam-

phor has been made by Wiebenga and Krom.20

) Fig. 4. Projection of the d-α-bromocamphor on to

the (001) plane by the X-ray results. 
The projection of cyanocamphor is nearly the 
same except that the bromine atom is replaced by 
the cyano group.

Fig. 5. The spectrum of d-α-bromocamphor in the

  ethanol solution(fine line)and absorption spectra

  of the crystal.

― The light is polarized parallel to the b axis

      (bold line).

------ The light is polarized parallel to the a axis.

  Ordinate: left, the molar extinction coefficient for

            the spectra of the solution.

           right, the optical density for the crystal

            spectra.

  Abscissa: frequency(in 103cm-1).

  ―in ethanol ------Ia ―Ib

19)J.C. D. Brand, J. G. Callomon and J. K. G.
Watson, Discussions Faracay Soc.,35,175(1963);J. C.
D.Brand and G. D. Williamson, ibid.,35,184(1963).
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These two compounds are isomorphous. They 

belong to a monoclinic system, the space group 

being P21; two molecules are contained in the unit 

cell. The crystals develop (001) faces. The pro-

jection of the molecules is shown for d-α-bromocam-

phor in Fig. 4, while the spectrum in the ethanol 
solution is shown in Fig. 5. The maximum of 

the absorption is shifted about 2300cm-1 to the 

red and intensity is increased to about three times 

that of d-camphor. This shift was explained by 

Allinger, Tai and MillerE1) as being due to the

effect of the σ*(C-Br)orbital at the axial position,

but the enhancement of the intensity was qualita-
tively shown and it was not enough to account for 
the large value observed. The direction of the 
transition moment was not discussed by these 
investigators. 
 The crystalline absorption spectra for the (001) 

plane are shown in Fig. 5; the dichroic intensity 
ratio is Ia:Ib=1.5:1.0. The out-of-plane com-
ponent is again neglected with this molecule, since 
otherwise the b-axis spectrum would be much 
stronger. If the increase in the intensity is vro-
duced by the nσ*mixing, the charge-transfer

component from the n to σ*orbital may be ex-

pected. Another possible mechanism is the sym-

metry breakdown of n and π* orbitals by the axial

bromine atom; it would produce the transition

along the z axis. The analysis all of the band

intensities into the x and z components yielded

the value of Ix:Iz=0.57:0.43. The direction of

the n-σ*transition nearly coincides with the z

axis on this crystalline plane; therefore the increase

in the z component may be attributed to either

the inherent moment increased along the z axis

or to the charge-transfer moment of the n-σ*type

transition. This point will be discussed below. 
  3) Bromonoranisatinone. Anisatine is a toxic 
terpenoid separated from seeds of Illicium Reli-

giosum Siebold et Zuccarini (Japanese star anise). 
The crystal structure of bromonoranisatinone was 
analyzed by Furusaki, Tomiie, Nitta, Sakabe, and 
Hirata.22) It has one carbonyl group and two 
ester groups. The ester groups absorb in the 
50000cm-1 region; therefore, we will consider only 
the carbonyl group in the 33000cm-1 region. 
The carbonyl is adjacent to the bromine atom at 
the a position; this conformation can be explained 
as an intermediate of the axial and equatorial 
positions. The substituent effect is found to shift 
the band by just the same order or magnitude as
in the case of d-α-bromocamphor. The projection

of the molecules onto the developed(100)plane is

shown in Fig. 6, while the crystalline absorption 

spectra are shown in Fig. 7. The dichroic ratio 

was Ib:Ic=1.0:2.0. The separation of the band 

intensities along the x and z components of the 

carbonyl group showed that the ratio is Ix:Iz= 

0.56:0.44. This finding is very close to that with 

d-a-bromocamphor. The enhancement along the 

z axis may be originated by a mechanism similar

to that of d-α-bromocamphor; it will be discussed

in the last section.

Fig. 6. Projection of bromonoranisatinone on to

  the(100)plane by the X-ray results.

Fig. 7. Absorption spectra of bromonoranisatinone

  crystal.

― The light is polarized parallel to the b axis

       (bold line).

------ The light is polarized parallel to the c axis.

  Ordinate: optical density for the crystal.

  Abscissa: frequency(in 103cm-1 unit)

    ―Ib ------Ic

  4)d-α-Cyanocamphor. The projection of

d-α-cyanocamphor is almost the same as that of

 20) E.H. Wiebenga and C.J. Krom, Rec. Tray. Chim., 
65, 663 (1946). 
 21) N.L. Allinger, J.C. Tai and M. A. Miller, 
J.Am. Chem. Soc., 88, 4495 (1966). 
 22) N. Sakabe, Y. Hirata, A. Furusaki, Y. Tomiie 
and I. Nitta, Tetrahedron Letters, 52, 4795 (1965).
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Fig. 8. The spectrum of d-α-cyanocamphor in the

  ethanol solution (fine line) and the absorption

  spectra of d-α-cyanocamphor crystal.

  ―The light is polarized parallel to the b axis

      (bold line).

  ------The light is polarized parallel to the a axis.

  Ordinate: left, the molar extinction coefficient for

            the spectra of the solution.

          right, the optical density for the crystal.

 Asbcissa:frequency(in 103cm-1).

  ―in ethanol ------Id ―Ib

d-a-bromocamphor except that the bromine atom 

is replaced by the cyano group. The spectrum in 

the ethanol solution is shown in Fig. 8, together 

with the crystalline spectra. The maximum of 

the absorption was observed at 33000 cm 1, while 

the molar extinction coefficient was 42. The inte-

grated intensity ratio for the light polarized parallel 
to the b and a axes was Ib:Ia=1.0:0.74. 

 As has been found in the cases of cyclohexane-

1,4-dione and d-α-bromocamphor, the out-of-plane

(y aixs) component is negligible; otherwise, the 
b-axis polarized band would be much stronger. 
 The total band intensity was divided into the x 

and z components; the ratio was then obtained as 
Ix:Iz=0.80:0.20. The effect of the cyano group at
the axial β,γ-position is not very prominent, except

that the intensity is slightly increased. The donor

property of the cyano group is very poor, and the

overlapping of cyano π orbitals whh the n and π

orbitals of the carbonyl group is not very large;

therefore, few charge transfer effects may be antici-

pated. Another reason for this may be that the

cyano group does not have a strong π-π*transition

in the ultraviolet region;therefore the perturbation
is correspondingly small.

  5)Spiradine A Methiodide. Spiradine A
methiodide, an alkaloid botained from spiraea

japonica,23)has an ethylenic bond at the β,γ-posi-

tion. The absorption intensity for spiradine A in

the ethanol solution is ε=194 at 32800cm-1, about

six times that of the dihydro spiradine A, which has

ε=35 at 33300cm-1. This increase in the inten-

sity is typical of β,γ-unsaturated ketones. The

crystalline structure analysis was made by Sakabe, 
Sasaki and Hirata,24) the molecule is projected 
onto the developed crystalline plane in Fig. 9. 
The crystalline absorption spectra are presented in 
Fig. 10. The measurement of the absorption 
intensities showed that Ib:Ic=1.0:1.75. This re-
sult may be explained by the direction of the transi-
tion moment, which is parallel to either the carbonyl 
axis or the ethylenic bond. The charge-transfer 
mechanism produces the moment along the line 
connecting the donor and acceptor groups the 
ethylenic and the carbonyl groups. Therefore, the 

present results show that the charge-transfer contri-
bution is not a major source of the intensity and

Fig. 9. Projection of spiradine A methiodide onto 
 the (100) plane according to the X-ray results. 

 Eight molecules are contained in a unit cell, but 
 they are related with the two-fold screw axis 
 symmetry operation. (space group P212121)

Fig. 10. Absorption spectra of spiradine A methio-

  dide crystal.

  ―The light is polarized parallel to the b axis

      (bold line).

 ------The light is polarized parallel to the c axis.

  Ordinate: optical density for the crystal

 Abscissa: frequency(in 103cm-1 unit)

23) V. I. Frova, A. I. Bankowskii, A. D. Kuzorvkov 
and M. M. Molodozhnikov, Med. Prom. S.S.S.R., 18, 
19 (1964).

24) G. Goto, K. Sasaki, N. Sakabe and Y. Hirata, 
Tetrahedron Letters, 1968, 1369.
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that the x component also contributes little. Ac-

cordingly the origin of the intensity enhancement 

may be ascribed to either of two reasons; either 

the symmetry of the carbonyl group is broken by

the adjacent double-bond or the ethylenic π-π*

transition moment is mixed in the n-π*transition

of the carbonyl group by the perturbation of the 

dipole-dipole interaction. The question which of 

these two alternative mechanisms is predominant 

can not be answered from the present results only. 

In addition, the mixing of these two states is not 

conceivable, since in that case the direction of the 

transition moment would deviate from the confirm-

ed direction. Further experiments on other β, γ-

unsaturated carbonyl compounds are desirable in 

order to clarify these ambiguities. 

                 Discussion 

  The findings on spectral data are summarized

in Table 1. Cyclohexane-1,4-dione and d-α-cy-

anocamphor show large x components, 74 and 
80%, with the absorption maximam at 35500 and 
34700cm-1, respectively. Pople and Sidman4)
stated that the n-π* transition induccd by the vibra-

tional interaction gives the main component in the 

x direction in formaldehyde. Although these mole-

cules have heavier atoms attached to the carbonyl 

group, most of the intensity gain seems to be the 
same in origin as that of formaldehyde. However, 

a certain amount of the intensity is found along 

the z axis; this has significance for the quantitative 

estimate of the optical activity of asymmetric ketones. 

This point will be discussed in the succeeding 

paper. 
  The maximum frequencies of the absorption

spectra for d-camphor, d-α-cyanocamphor, and d-α-

bromocamphor in the solution of ethanol are at 

35100, 34700 and 32800cm-1 respectively. The 

effects of the substituents are slightly different; 

there is a little blue shift for the cyano group and 

a large red shift for the bromine atom. The maxi-

mum molar extinction coefficients are 36, 42, and 

107, indicating a typical bathochromic effect, par-

ticularly in the bromine atom. According to 

Allinger, Tai and Miller,21) the interaction between

the σ* orbital of the C-Br bond and the π* orbital de-

presses the transition energy of d-α-bromcaomphor.

Mixing of this type induces the transition moment

along the line connecting the centers of the σ* and

π* orbitals. Another possibiity is the deforma-

tion of the n and π* orbitals, which would give a

transition moment parallel to the carbonyl axis.

If the dircction of the transition moment could be

determined exactly, the contribution of these al-

ternative mechanisms would be elucidated.

  Both bromonoranisatinone and d-α-bromocam-

phor have a bromine atom in the α-position relative

to the carbonyl group;the former has its in the

position intermediate between the equatorial and 
axial axes, while the latter has its in the axial axis. 

Bromonoranisatione shows its absorption maximum 

at 32500cm-1; the similar red shift indicates the 

bathochromic effect of the substituent bromine 

atom, even for the intermediate geometry. In

d-α-bromocamphor the direction of the transition

moment could not be conclusively determined,

for the carbonyl axis and n-to-σ*orbital directions

are nearly parallel on the measured crystalline

plane. Bromonoranisatinone shows a crystalline

plane in which the directions of the π-π* and n-σ*

(C-Br) transitions are different; therefore, these 
different mechanisms could be distinguished by 
the polarization measurements. The observed re-
sults show that the z component is 43%; this value
is exactly the same as that of d-α-bromocamphor.

This means that the n-σ*transition moment con-

tributes little to the enhancement of the overall

transition moment; the assumed deformation of

π,π*,and n orbitals seems to be more attractive.

  In the n-π* transitions of the carbonyl group,

the magnetic transition moment has a component

in the z-axis direction, so if there is to be optical

activity there must be an electronic transition mo-

ment parallel to the z-axis direction. The optical

rotational strength of d-α-bromocamphor is three

times those of d-camphor and d-α-cyanocamphor.

This may mean that the z component of the transi-

tion moment is about three or more times larger

in d-bromocamphor than in d-camphor and d-α-

cyanocamphor. This would agree with the present

findings regarding the crystal spectra; the increase

in the z component is established in d-α-bromocam-

phor and bromonoranisatinone.

  The absorption spectra of spiradine A(β, γ-unsat-

urated ketone), dihydro spiradine A and spiradine

Amethiodide were investigated in an ethanol

solution. The maximum wave numbers differ only

slightly, but the maximum molar extinction coef-

fi cient increases drastically for β,γ-unsaturated

ketone. The β,γ double bond has a great effect on

the intensification of the n-n*transition. Although

the mixing of the charge-transfer state was sug-

gcsted by Labhart and Wagniere, the crystal

spectrum gives rather negative evidence for the

contribution of the CT transition moment.

  The wavefunction for the perturbed n-π* state

of β,γ-unsaturated ketone may be given by:

(3)

The appearance of the b term is mainly due to the

deformation of the π and n orbitals, as has been
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discussed previously, or to the second-order pertur-

bations. The first term, which includes the vibronic 

mechansisms, is not significant for the whole transi-

tion moment, the second will give a component 

along the carbonyl axis, and the last one, one along 

the unsaturated carbon-carbon bond. The ex-

periment indicates that either the second or the 
last one is most important for the present system. 

Conclusive proof on this point must, however, 

await some more experiments on other crystalline 

systems. However, recent results by Kearns,

Marsh and Schaffner25) seemingly show that in

α,β-unsaturated ketone the O-O transition of the

n-π*band is allowed electronically. Further effort

along these lines is desirable for the elucidation of

the source of the n-π*intensity of the unsaturated

ketone.

  Our thanks are due to Professor Yoshimasa 

Hirata of our department for his gift of samples.

 25) D.R. Kearns, G. Marsh and K. Schaffner, 
J.Chem. Phys., 49, 3316 (1968).


