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C H A P T E R  I

I N T R O D U C T I O N .

N atural ro ta to ry  power is  s ince  many years an invaluable  a id
in the  study of chem ical s t r u c tu r e .  U sually measurements were
confined to  one or two w avelengths. Although Kuhn 1) in  1929
showed the important p o s s ib i l i t ie s  hidden in  the study of ro ta to 
ry d ispersion  i t  was not u n t i l  recen tly  th a t  a system atic explo
ra tio n  o f these p o s s ib i l i t ie s  was undertaken 2) 3 ).

Determination of ro ta to ry  d ispersion  curves and of the  closely
re la te d  c irc u la r  dichroism has already frequen tly  rendered valu 
able a ss is ta n c e  in the conformational a n a ly s is  of s te ro id s  e .g .
I t  may a lso  supply new information about the in te ra c tio n  between
lig h t and molecules, from which details of electronic s tru c tu re  may
be derived. The present th e s is  is  meant as a con tribu tion  to  th is
type of ap p lica tio n .

The angle o f ro ta t io n  of the plane of p o la r iz a tio n  of a beam
of l in e a rly  polarized lig h t i s  d ire c tly  proportional to  the  d i f 
ference in  re f ra c tiv e  index of lefthanded and righthanded c irc u la r ly
polarized lig h t:

( 1 )

0  = angle of ro ta tio n  by one cm lig h t path in radians/cm.
v = frequency of the lig h t,
c = v e lo c ity  of lig h t.
n l ,nd = r e f ractiv e  index of lefthanded or righthanded c irc u la r ly

polarized lig h t.

A d ifference  in  absorption c o e ffic ien t of lefthanded and r ig h t-
handed polarized  lig h t w il l  give r i s e  to  c ir c u la r  dichroism . I f
the d iffe rence  is  sm all, the re su ltin g  e l l i p t i c i t y  from incident
lin e a rly  polarized lig h t is :
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( 2 )9 = ? <ki - V
6  = c irc u la r  dichroism ( e l l ip t ic i ty )  by one cm lig h t path in

radians/cm .
k j .k j  = absorption c o e ff ic ie n ts  by one cm lig h t path of lefthanded

and righthanded c irc u la r ly  polarized l ig h t.

At frequencies f a r  enough from reg ions o f abso rp tion  a r e 
f ra c tiv e  index depends on frequency according to  the  w ell known
d isp ers io n  formula:

n2 - 1 _ Ne2 v f ok (3)
n2 + 2 3wa k v2 - v 2

N = Avogadro's number,
e = charge on e lec tron ,
m = mass of e lec tron .

The summation is  over the t ra n s it io n s  o f the molecule from i t s
ground s ta te  (o) to  a l l  possib le  excited  s ta te s  (k). The o s c i l 
la to r  s tre n g th  f  . is  a measure of the absorption i n t e n s i t y  a t
a p a r t ic u la r  resonance frequency v ok. I t  depends on m olecular
q u a n ti t ie s  according to :

f ok
8772 m , I

3e2h k°>
2

(4)

h = P lanck 's constant.

£ ok *s the t r a n s i t io n  d ipole  moment, a lso  named e le c tr ic  t r a n s i 
t io n  moment. I t  can be ca lcu la ted  i f  the wave functions of the
ground s ta te  and o f the k ’th  excited  s ta te  are known with s u f f i 
c ien t accuracy. I t  is  one of the q u a n titie s  of primary importance
to  our purpose.

Formula (3) i s  an approximation since  in  liq u id  so lu tio n s , to
which most of the measurements pe rta in , d isc re te  absorption lines
become broad continuous bands. Besides, the Lorentz-Lorenz fo r 
mula fo r the inner f ie ld  is  used in  th is  d e riv a tio n . The Kramers-
Kronig r e l a t io n s ,  in s te a d , are of g e n e ra l a p p l ic a b i l i ty .  In
view o f t h e i r  l a t e r  use a s h o r t  d isc u ss io n  w i l l  be g iven.
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I f  a l ig h t  wave trav e rs in g  a piece of m atter in the x -d irec tio n
can be described  by

A.  e ‘i (ixe 27ril' ( t ‘ cx) (5)

where A is  the amplitude vec to r, a  an absorp tion  c o e ff ic ie n t , v
the frequency of the lig h t and i t s  v e lo c ity ,
the Kram ers-Kronig re la tio n s  can be w ritte n  as

+ 0 0  ,
c f  a (T>n(v) 1 4 7 7 - 2  J r { r - v ) dT

-0 0

+<0 ( 6 )

and a(v)  = - ^  J n (p .~ g r- dr
-0 0

I f  the l ig h t  i s  c ir c u la r ly  polarized the  amplitude A is  complex
with a component A in the y -d irec tio n  and ± iA in  the  z -d irec tio n .
The + sign corresponds to  lefthanded, the  - s ign  to  righthanded
polarized  l ig h t .  Accordingly one has to  d is tin g u ish  the  absorp
tio n  c o e ff ic ien ts  and re f ra c tiv e  indices a  nx and a.d , nd> Prom
inspection of formula (5) one derives th a t a  1 O') = a d (-v ). R elating
the c irc u la r  dichroism introduced in  (2)

6 \  O') - O') } {2)

one sees th a t

9 (v) = -  6 ( -v ) ( 7 )

With these  assessments i t  becomes possib le  to  convert the r e l a 
tio n s  (6) in to  s im ila r re la tio n s  fo r th e  angle o f ro ta tio n  0 0 ')
from (1) and th e  c i r c u l a r  d ich ro ism  6{v ) ,  a t  th e  same tim e
changing the in te g ra tio n  in te rv a l from -oo—*+oo in to  an in te rv a l
from 0 — * oo.
The r e s u l t  is

<8a>

00

0 <V) ~ n I  ^ 2 dT (8b)
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These relations are especially interesting i f  in the absorption
and consequently in the dichroism as function of frequency d efi
n ite bands can be distinghuished. These in turn may be supposed
to be correlated with electronic transitions as also occur in
the dispersion formula (3). In these cases the integrated value
of the circular dichroism over the band correlated with a tran
s it io n  0— > k may be used as an experimental estimate o f the
rotational strength:

R k
3hc_ ƒ öfiO. d„

k *
( 9 )

This definition is  similar to  that of the dipole strength:

D = f  = 3e|b-^SiL (10)
K 87t3N, ' . v 8« m v,l k  ko

k(v) = ■*■ {a-1(v') + ad (v) }, is  the mean absorption co
e ffic ien t as measured in unpolarized light.

Prom quantummechanical theory i t  follows that

R k = Im ( * o k ’£ k o >  = 1 e 0 k  II l \ o  | C0Sa ( I D

—» —* 1 1 o
D k ”  ( e o k , £ k o )  1 e o k  1 (12)

where u .  is  the magnetic transition  moment and a is  the angle
between the e le c tr ic  and magnetic transition  moment.

It would have been more proper to  add factors f(n) in the
formulae (9) and (10), when converting phenomenological c o e ff i
cients into quantities which should be characteristic for isola
ted molecules. These factors, however, are rather uncertain and
are not lik e ly  to affect our fin a l result appreciably.

Prom measurements of absorption and of circular dichroism or
rotatory dispersion due to  an optica lly  active absorption band
we thus learn the magnitude of two quantities characteristic for
the underlying transition: the electr ic  transition moment and the
component of the magnetic transition moment in the direction of
the e lec tr ic  transition  moment.

These two quantities may be used as a check on our ideas about
the geometry and molecular structure of optically active compounds.
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We have app lied  t h i s  method to  an o p t ic a l ly  a c tiv e  ketone, the  -
hydrindanone,, and to  a number of s te r o id s  where th e  o p t i c a l ly
a c t iv e  t r a n s i t i o n  o f lo n g es t w avelength  co u ld  be lo c a te d  in  a
d ien e  system .

In each case  th e  r o ta t io n a l  s tre n g th , as d eriv ed  from e x p e r i
ment, ag rees w ith  th a t  c a lc u la te d  th e o r e t ic a l ly  as t o  th e  o rder
o f magnitude. There rem ain, however, d isc rep an c ies  which re q u ire
fu r th e r  in v e s tig a tio n , before t h e i r  importance can be judged.

In the nex t ch ap te r, we give some g en e ra l th e o r e t ic a l  co n sid e
ra tio n s  which w il l  be used in  th e  d iscu ss io n  of s p e c ia l  ca ses .

The m easuring ap p a ra tu s  and some p a r t i c u l a r s  about i t s  p e r 
formance a re  d esc rib ed  in  th e  l a s t  c h a p te r .

L I T E R A T U R E

1) KuhnW., Z.ph.Chem. B4, 14 (1929).
2) Klyne W., Advances in  Organic Chem istry I ,  239 e . a . ,

Raphael R .A., Taylor E.C. and Wijnberg H. E d ito rs , In te rsc ie n c e
P u b lish e rs , New York 1960.

3) D je r a s s iC . , O p tica l R otatory  D ispersion , McGraw H il l  Book Com
pany, New York 1960.
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CHAPTER I I

THEORETI CAL CONS I DERATI ONS .

P a r t  A.  H i s t o r i c a l .

The f i r s t  attem pt to  c o rre la te  o p tic a l ro ta to ry  power to  mole
c u la r s tru c tu re  on the  b a s is  o f an e le c tro n  theory  was made by
Drude He assumed the  presence of h e l ic a l  o rb its  along which
e la s t i c a l l y  bound e le c tro n s  could move under the  in fluence  of
incident l ig h t .  The symmetry of a h e lix  guarantees the occurrence
of o p t ic a l  r o ta t io n .  I t  a lso  makes c le a r  th a t  the  r o ta t io n a l
s tre n g th  is  p ro p o rtio n a l to  the  s c a la r  product o f the e le c t r ic
and magnetic t ra n s i t io n  moment. The motion along a h e lix  is  the
superposition  of a t ra n s la tio n  p a ra l le l  to  the axis of the  helix
and a c ir c u la r  motion in  a plane perpendicular to  the a x is . To
the f i r s t  motion corresponds a changing e le c tr ic  moment, to  the
second a magnetic moment in  the  d ire c tio n  o f the  a x is . During
o s c il la t io n  both moments are  always in  the same d ire c tio n  fo r a
righthanded h e lix  ( ro ta tio n a l  s tren g th  p o s itiv e ) or in  opposite
d ire c tio n s  fo r a lefthanded h e lix  (negative ro ta tio n a l s tre n g th ) .
Q u a l i ta t iv e ly  such a m olecu lar model e x p la in s  the  r e le v a n t
fea tu res o f o p tic a l ro ta to ry  power.

A d if f e re n t  approach was s ta r te d  by Oseen and by Born
and l a t e r  e x te n s iv e ly  used by Kuhn 4 . Their m olecular model
comprised p a rts  with a n iso tro p ic  p o la r iz a b i l i t ie s  and in te ra c 
tio n s , e ith e r  non-specified or from dipole fo rces. The o s c il la t in g
dipoles induced in  the po larizab le  component groups by the lig h t
wave and by the mutual in te rac tio n s  between the groups are equi
valen t to  a re su lta n t e le c tr ic  and magnetic moment a t  the centre
of the m olecule i f  the  geom etrical arrangem ent o f the groups
allows the  appearance o f  o p tic a l  ro ta t io n . The phase re la tio n s
between the e l e c t r i c  f ie ld s  ac tin g  on the  d i f f e r e n t ly  located
groups assure the sign  o f the sc a la r  product of the e le c tr ic  and
magnetic moment.
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A g en e ra lly  v a lid  quantummechanical form ula o f th e  r o ta t io n
outside regions of absorp tion  was derived by Rosenfeld 5) fo r a
d ilu te  gas. I f  in  a liqu id  molecular in te rac tio n s  can be describ 
ed w ith  s u f f ic ie n t  accuracy by a fu n c tio n  of th e  r e f r a c t iv e
index, the quantummechanical form ula becomes:

= « f ( n )  Z - d L  Im
he k vt-V * ^ o k ’^ko^ ( 1 )

The tra n s it io n  moments are defined as

*ok = * . 1 * 1 * ^  ^ok = (2)

$>o and are the wavefunctions for ground s ta te  and k’ th  excited
s ta te .  The e le c tr ic  moment operator and the magnetic moment ope
ra to r  are given by:

(3)

f  Sm^c r ixpi " \  ?77im^c r ixVi (4)

e^ and nij are charge and mass of the i ’ th  p a rtic le .

I f  a t r a n s i t i o n  o -----»k from th e  ground s t a t e  to  th e  k’ th
ex c ited  s ta te  can be described  as an o n e -e lec tro n  e x c ita t io n ,
th e  corresponding  term  in  (1) becomes the  quantummechanical
counterpart of the  Drude theory . This mechanism has been ex ten
s ive ly  discussed by Condon e t a l . 6). I t  has a lso  been applied  to
the C=0 group in  o p tic a lly  ac tiv e  ketones by Kauzmann e t a l . 7\

Kirkwood 8) showed th a t  ap p lica tion  o f the general formula (1)
to  a m olecule composed o f  s e p a ra te  groups w ith d ip o le -d ip o le
in te rac tio n  leads to  a re s u l t  s im ila r  to  the Born theory in add i
t io n  to  terms which a r is e  from in tr in s ic  ro ta to ry  power of the
separa te  groups. In applying th is  theory  to  various molecules,
i t s  outcome was not a ll to g e th e r  convincing. However, as Looyen-
ga  ̂ showed with severa l examples, i f  th is  theory is  applied to
molecular systems of more o r le s s  r ig id  conformation, a c a lc u la 
t io n  o f  th e  r o t a t i o n  may g ive  s a t i s f a c to r y  r e s u l t s .  While
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Moffitt 10) indicated how, by affixing an optical axis to  each
of the separate groups, the arbitrariness of the Kirkwood-splitting
can be avoided.

In the vicinity or inside an absorption band which contributes
to  the rotatory power the Born theory is out of place and a d irect
calculation of tra n s itio n  moments is indicated as in Condon’ s
one-electron theory. In the next part of th is  chapter we w ill
combine th is  theory with the current molecular o rb ital description
of the ground s ta te  and excited s ta tes  of organic molecules.

P a r t  B. Mo l e c u l a r  O r b i t a l  t r e a t m e n t ;  one e l e c t r o n  t r a n s i t i o n
moment s .

In the molecular o rb ita l approximation the wave functions $ 0
and k are constructed from products of one electron functions ipy,
which, a fter m ultiplication into appropriate spin functions, can
be antisymmetrized. This - important as i t  is for energy calcu
la tions - does not need to  concern us for the calcu lation  of
tra n s itio n  moments.

Writing the ground s ta te  as

$ 0 = o/ ' 1 ) 2 (</'2 ) 2 ..........V'.aW'nOO

and as an example of an excited singlet s ta te

§ x = C/'j)2^ ) 2.......... (^n- 1>2*/'„(j>'/W k> +

i t  is obvious that the orthogonality of the molecular orbitals ip
leads to

+<>/;n( k ) |e kr k|</'n+1(k)>>= ^2« /'n|e r |i/ /n+1> (5)

The same applies to the magnetic moment so tha t, apart from the
factor V2, only one electron transition  moments need be considered.

In the current defin itions of e le c tr ic  and magnetic moments
these Quantities are not formulated on an equal footing. This may
be set right by the equivalent formulation

14



<0 k I ^ K >^ k l e  r l0i>
277mv,

ie
kl

< 0 k |P |’/ ' i > (6 )

where hvkJ=Ek " Ei* This e q u a lity  holds i f  </>k and t//x are exact
eigenfunctions of a Hamiltonian with the  eigenvalues E. and E ,.
Molecular o rb ita ls , however, are usually  approximations to  exact
so lu tio n s  o f a Schrödinger equation . Therefore the  expressions
(6) a re  th en  not e q u iv a le n t. Since in  checking the  r e s u l t s  of
th e o r e t i c a l  c a lc u la tio n s  o f the  r o ta t io n a l  s tre n g th  w ith the
experimental r e s u l t  one has to  compare the  e le c tr ic  and the mag
n e t ic  t r a n s i t io n  moment, i t  is  im portant to  make i t  probable
th a t  the approximation inherent in  the wave functions w il l  a ffe c t
both t ra n s it io n  moments in  the same way. Moreover the expression
fo r the  e le c tr ic  t r a n s i t io n  moment involving the  nabla (V) ope
ra to r  is  of some advantage in  reducing the formula fo r the ro ta 
tio n a l s tre n g th . I f  the molecular o rb ita ls  are  w ritten  as lin e a r
combinations, the necessary t ra n s i t io n  moments can be d e a lt with
along concordant lines and a s p l i t t in g  in p a r t ia l  moments r e s u l ts .
This s p l i t t in g  in  p a r t ia l  moments may be fo rtu ito u s , but anyhow,
a r e a l  p h y sica l s ig n if ic a n ce  may c e r ta in ly  be a ttached  to  th is
r e s u l t  in  case th e  m olecular o r b i t a l s  re p re s e n t a system  o f
separated  groups with some loose coupling between them. Such a
system - in te re s tin g  as i t  might be - w ill not be e laborated  by
us now and we w ill  r e s t r i c t  ourselves to  molecular o rb ita ls  th a t
are lin e a r  combinations of atomic o rb ita ls .

P a r t  C.  L . C . A . 0 .  f o r m u l a t i o n  o f  t r a n s i t i o n  mo me n t s .

With the d e f in i t io n  (6) o f the  t r a n s i t io n  d ipo le  moment both
the e le c tr ic  and th e  m ag n e tic  t ra n s it io n  moments can be reduced
to  simple combinations o f bond ( tr a n s i t io n )  moments i f  the  mole
c u la r  o r b i t a l s  a re  w r i t te n  as lin ea r com binations o f atom ic
o r b i t a l s .

S u b s t i tu tin g

'/'k = z  c k A  and '/'i = 1  c i A

the mechanical tra n s it io n  moments Pkl and Mkl become

Pk l  = <' / ' k l Pl ’/ ; l >  = 2  C k a C i p A | P | V (T)
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and sim ilarly

Mkl = ^ k ^  x pl^x> = £  c kac iyS -& 1 r x (8)

Also using the abbréviations

P = <4>a \ v \ 4 f  and V  = <<̂aIr X P|V

we find since both operators are purely imaginary

P<x/3 = '  P/3a a n d  ma f$  = -  raj8a

From th is follows that i f  the atomic orbitals <p are real, as is
usually the case,

p = o  and ni = oraa <x.a

Consequently

Pk l = a h  ((V c i/3 •  P ayS (9 )

an d  Mk l  -  (Ck aC l/3 -  CM C la>  ma/3 (1 0 )

Thus the evaluation of the transition moments is  reduced to the
evaluation of bond moments pertaining to  pairs of atoms and
corresponding to transitions from one atom to the other.

In analogy to the defin ition  of bond order used in molecular
orb ita l energy calcu lations we define the tran sition a l bond
orders

cïp ~ c hxc lfi '  c k /3°la  (1 1 )

The electric  bond moment which follows from p i s  independent
of the choice of the origin. The magnetic bond moment, however,
as it  is  found from ma  ̂ does depend on the choice of the origin.
Therefore th is point requires some discussion.

If aap ind icates the p osition  of the midpoint between the
centres a. and f3, while rQ locates an arbitrary point with respect
to th is midpoint

16



r = r o + aa/?

and map = «Pa | r  x p|<fy> = <0a | r o x p| <f>f+

X Pi V  = ma/5 + *ay8 X Pa/J (12)

Prom th is  formula follow s that ma^  for any origin  on the
lin e  p a ra lle l to  the d irection  of pa„ and through the midpoint
between the centres cl and f3. i f  m°g a tta ins a minimum value, i t
may be called the in tr in sic  moment o f the "bond" between a. and /3,
while the line p ara lle l to  pa„ and through the midpoint o f the
centres a and p  w ill  be the op tica l ax is of the two atoms a  and

The molecular transition  moments expressed in the bond
and the transitional bond orders are

moments

Pk l  = '  P lk  = 8 Cay3pa/3 (13)

Mk l  = ‘  Mlk  = ol̂ 8  Ca/3 (ma/3 * a ayS x  pa/3^ (14)

For the rotational strength of a tran sition  from the ground sta te
towards an excited sta te  i ,  whereby an electron changes from a
two-fold occupied orb ita l \pk to an o rb ita l i//., we find:

Ri = 1 “  < * o i . 2 i o >  = 2 Im <r k i ^ i k >  =

277m2cVki <Pkl,Mlk>
(15)

where the scalar product

( Pk l ,MIk)  = a ^ s  ^Ca ^ 2 ( payS*ma ^ )  + (16)

+a | /8 \ < M Ca/?Cfo i (p a/S' + ( a a /? ' pA-/i X

A.̂ a or

This sp lit t in g  of the rotational strength in three parts is  for
mally equivalent to the r e su lt  o f Kirkwood’ s consid eration s.
Indeed, in both cases i t  i s  a consequence of writing the wave-
functions involved as sums of wavefunctions more or less  localized
in separate groups, in our case groups of two atoms. The groups
may have atoms in common.
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CHAPTER I I I

OPTICAL ROTATORY POWER IN TT ELECTRON SYSTEMS.

1.  I n t r o d u c t i o n .

From measurements of  o p t i c a l  r o ta to ry  d i s p e r s io n  of a number
o f  compounds c o n ta in in g  a homonuclear d iene  system  in a s i x -
membered r in g  ' ,  we concluded to  the o p t ic a l  a c t i v i t y  o f  t h e i r
common t r a n s i t i o n  a t  280 nyi. 1 ) . The u l t r a - v i o l e t  ab so rp tio n  a t
t h i s  wavelength i s  g e n e ra l ly  assigned to  th e  tt^ t t * t r a n s i t i o n .
T h e r e fo r e  t r a n s i t i o n s  which a r e  l o c a t e d  in  t h e  tt e l e c t r o n
sys tem  may g iv e  r i s e  t o  o p t i c a l  a c t i v i t y .

Guided by th e s e  o b s e r v a t io n s ,  we have developed  a model o f
o p t i c a l  r o t a t o r y  power in  co n ju g a te d  sy s tem s .  This model i s
a p p l i c a b le  t o  p o ly e n e s ,  a r o m a t ic s ,  u n s a tu r e d  k e to n e s  e t c . .
Changes i n  th e  tt e l e c t r o n  system  due to  d e fo rm a t io n s  o f  t h e
m olecu la r  frame a r e  assumed to  be m ainly r e s p o n s ib le  f o r  th e
encountered o p t ic a l  a c t i v i t y .  Asymmetric induction  may a lso  lead
to  o p t i c a l  a c t i v i t y .  However, i t  w i l l  not be d e a l t  w ith  in  t h i s
ch ap te r .

In the compounds measured, th e  diene system forms a p a r t  o f  a
non-planar r in g  which e i t h e r  i s  he ld  in  a f ixed  p o s i t io n ,  o r  i s
p re s e n t  in  a p re fe rred  conform ation .  The tendency towards even
d i s t r i b u t io n  of s t r a i n  in  the  r in g  w il l  bring about no n -p lan a r i ty
o f  th e  d ie n e  s y s te m .  As an example o f  t h e  g e n e r a l  model,
r o t a t i o n a l  s t re n g th  o f  th e  f i r s t  e le c t ro n ic  t r a n s i t i o n  tt —*tt *
in  deformed c i s -b u ta d ie n e  i s  c a lc u la te d .  This h y p o th e t ic  system
may be reg a rd ed  as  an i d e a l i z a t i o n  o f  t h e  a s y m m e t r i c  d ie n e
system in  the  compounds in v es t ig a ted .

*)  J h e s e  m e a s u r e m e n t s  r e s u l t e d  f r o m  c o l l a b o r a t i o n  w i t h  t h e
v i t a m i n e  D g r o u p  o f  t h e  o r g a n i c  c h e m i c a l  l a b o r a t o r y ,

e s p e c i a l l y  w i t h  R . J .  de Koek,  R. va n  M o o r s e l a a r  and J .  P o t .
I am p a r t i c u l a r l y  i n d e b t e d  t o  H . J . C .  J a c o b s  f o r  h i s  h e l p  w i t h
t h e  me a s u r e me n t s  and t h e i r  t h e o r e t i c a l  e l a b o r a t i o n .
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According to  th e  p r in c ip le s  fo rm ula ted  in  c h a p te r  I I ,  the
d e sc r ip tio n  o f tt m olecular o r b i ta ls  as l in e a r  com binations o f
atomic o r b i ta ls  allows o f a s p l i t t in g  of e le c t r i c  and magnetic
tra n s it io n  moments in  t ra n s it io n a l  bond moments between p a irs  of
atoms.

The geom etrical deformation of the conjugated system en ters  our
c a lc u la tio n  only by changing the r e la t iv e  d ire c tio n s  o f the  2p
atom ic o r b i t a l s .  Changes in  h y b r id iz a t io n  which m ight a ls o
con tribu te  to  the f in a l  r e s u l t  are  disregarded although th is  is
no t based on a c a lc u la tio n  o f th e i r  magnitude.

For the diene system a formula has been derived which enables
to  estim ate  the r o ta t io n a l  s tre n g th  of i t s  t r a n s i t io n  a t  280 mu
from an inspection  o f the geometry of the conjugated system. The
outcome o f  t h i s  fo rm u la  w i l l  be compared w ith  some of th e
experimental m ateria l av a ilab le .

2# O p t i c a l  a c t i v i t y  r e s u l t i n g  f r o m d e f o r m a t i o n s .

In genera l 77 e le c tro n  systems a re  not o p tic a lly  a c tiv e . As a
ru le  s ta b le  configu ra tions o f conjugated systems are p lanar and
the plane o f the  molecule is  a plane of symmetry. The occurrence
of a p lane  o f symmetry makes image and m irro r-im age  o f  th e
molecule id e n tic a l and o p tic a l antipodes w ill not e x is t .

I t  goes w ithout saying th a t  the same conclusion can be drawn
from the general formula given in  chapter I I .  S t i l l  we give the
ca lcu la tio n  to  bring out c le a rly  where the symmetry comes in and
why some form of deform ation o f the  i t  e le c tro n  system becomes
necessary .

In the L.C.A.0. treatm ent given in  chapter I I  C expressions for
the e le c tr ic  and magnetic t ra n s it io n  moments are  derived.
These are  found proportional to :

PU = c% (1)

Mj i = * c ap ( mafi + ttay3 X Pa/3 ^

In the case of p lanar tt e lec tro n  systems the 2p atomic o rb ita ls
from which the bond moments pa  « and m°^ are determined have th e ir
axes of qu an tiza tio n  perpendicular to  the molecular p lane.T his

20



implies tha t pa^ is  directed along the bond A—B, while is
zero. The transition moments PtJ andMjt  both are found as weighted
sums of bond moments pa^. i f  is estimated with respect to an
origin in the molecular plane the vectors a ^  are para llel to  th is
plane. Therefore is  directed perpendicular whereas p , ,  is
parallel to the molecular plane. The partia l rotational strength
Rij  as proportional to the scalar product PiJ . M.j w ill be equal
to zero.

We w ill now discuss the non-planar model. The hybridization at
each atom is  assumed to remain unchanged. So the non-planarity
arising  from s tra in  re su lts  in a tw ist of the molecular frame
around bonds between atoms that are nearest neighbours.

Each of these twisting deformations may manifest i ts e lf  in three
ways in the formulae for the e le c tr ic  and magnetic tra n s itio n
moments. F irs t there always is  a change in the bond moments p ~
and ma/8" Secondly the geometry of the molecular frame a ffec ts
the d irec tio n  vectors a ^ .  Moreover the c o e ffic ien ts  of the
L.C.A.O.M.O. 's  which determine the c ^  depend on the geometry too.
A non-zero value of the p a rtia l ro ta tional strength R can be
expected. 1J

C a l c u l a t i o n  o f  bond moment s  p a.p an<* ma/S*

The bond moments p a n d  m°  ̂ are given by:

£ i < 4 > a \V\<t>f l > (3)

-  < 4> .  I r  x p , *  > .  J L .  < ^  r  x v ,  ^  ^  > (4 )

pa/3 is  invariant with origin; m°̂  is  evaluated with respect to a
point on the line joining the nuclei A and B (cf.chapter II  C).

The o rb ita ls  <f>a, <p̂  e tc . w ill be chosen as S later functions
which in local coordinate systems with th e ir origins a t A, B etc.
are:

5
^  a = with Nf * ■— etc. (5)

Here the xa-axis is the axis of quantization of the 2p orbital
<*>«•
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I f  we r e s t r i c t  ourselves to  considering n earest neighbours, the
x-axes a re  both perp en d icu la r to  the  l in e  jo in in g  th e  n u c le i A
andB. Their r e la t iv e  o r ie n ta tio n  depends on the angle o f tw is t 8.

>Xf t  = x

Figure 1.

I t  i s  conven ien t to  e x p re ss  th e  o r b i t a l s  4>a and 4>p in  one
co o rd in a te  system with i t s  o r ig in  a t  the  m idpoint between the
n u c le i A and B and p a ra l le l  to  the lo ca l coordinates fi, with the
z-ax is  pointing from A towards B. We w ill  co n sis ten tly  use r ig h t-
handed ca rtes ian  coordinate systems. The angle of tw is t 8 w ill be
counted p o s itiv e  when the xa -ax is  is  ro ta ted  in  the d ire c tio n  of
the  minus y -ax is .
The atomic o rb ita ls  become:

d> = N ( x cos 8 - y s in  8 ) e <k 1a
'  CL CL '

4> p = x e

r£  = x2 + y 2 + (z+da^ ) 2

r 2 = x2 + y2 + (z-do/?) 2
P

2da o is  the d istance  between the nuclei A and B.

With the abbreviation

d> = a  cos 8 - a. s in  8" a x  y

<t> 0 -  £*
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the relevant integrals become:

< 4> a | V | p > = < a x | V | 8X > cos 8 - < a y | V | > sin 8

and < 0a | r x V | ( ^  > = < ax | r x V | > cos 8 - < ay | r x V I /3x ? sin 8

Prom symmetry considerations i t  is  clear that only integrals

< a  |-^ | 8  >
x dz x

and < a  | x iL - y — | 8 > d iffer from zero,y *

Both bond moments therefore are directed along the z-axis and are
proportional to cos 8 and sin 8 respectively.

For a further reduction of the integrals we consider:

e ' q/3r£NflflUX

x ^ z - d (Q r
n„ M- aand < a

I f  Qa = Qo = Q (as applies to a hydrocarbon)

f i ! l e  * q ( r a +r/?>dr = 0
J TP

as follows from symmetry.

By calling

^ L e -* q ( r a + r ^ ) d r  =

v rfi
we may write:

= JTt < 0  al V| V  = V  V  cos 0 ( 6)

(Here s . is  a un it vector pointing from nucleus A towards
C Lp

nucleus B).
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Considering the in teg ra ls  in the magnetic tran s itio n  moment,
we find:

(x i_  - y i.)  | P > = - /3
dy dx x y

and < a  \ x ±  - j ± \ 0  > - - Safi
J dy dx r

where Sa e = < <zy | /3y > is the usual abbreviation for the over
lap integral.

Thus •« -  J L  < <t> a I r X V | <t> B > -■ -A - Sa^ sin  8 ( 7 )
H 2wi ^  2rr 1

Moments pa „ and m°̂ g between atoms that are not nearest neigh
bours can be calculated along similar lines. The numerical values
however are smaller. The values of the integrals Q and S decrease
roughly exponentially with distance. Moreover i f  the axes of the 2p
orbitals are not perpendicular to  the line joining the nuclei as
may be caused by the geometry of the molecular frame, a smaller
numerical value w ill also re su lt.

In order to  avoid ambiguity c is  and trans configurations a t
the double bond w ill be dealt with as d ifferent isomers, while
the value of the angle of tw ist w ill be res tric ted  from -90° to
+90°. By an inversion of sign of 8 the d ire c tio n  of pa^ is
unaltered while th a t of reverses. So the sca lar product
p .. , which contributes to  the ro ta tio n a l strength  R1:j.
changes sign as is  necessary with optical antipodes. Since the
angle of tw ist 8 is counted positive when the axis xa is  rotated
with respect to  x^  in an anti-clockwise direction as seen by an
observer looking in the direction from A towards B, th is  choice
of sign correlates a positive angle of twist with a right-handed
helix along which the tt electrons may move. I f  for a cis isomer
absolute configuration is  c lassified  according to  the ru les of
Cahn, Ingold and Prelog 2) the prefix S corresponds to a positive
angle of twist.

4 .  T h e o r e t i c a l  c a l c u l a t i o n  o f  r o t a t i o n a l  s t r e n g t h  i n d i e n e
s y s t e r n s .

In our model the optical ac tiv ity  of a diene originates from a
tw ist of the 7t orb itals. The effect of twist around each of the
separate bonds appears d irec tly  in the magnitude of the bond
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moments pa^  and g iven  by (6) and (7 ) . The e l e c t r i c  and
m agnetic  t r a n s i t io n  moments between one e le c tr o n  m o lecu lar
o rb ita ls  \pi  and i//j are:

These determ ine  th e  p a r t i a l  r o ta t io n a l  s t r e n g th  of th e  k th

a lso  depends on the geometry o f the  m olecular frame because o f
i t s  influence on the vectors and aa^. F ina lly  the t ra n s it io n a l
bond orders c H  change upon a l te r a t io n  of the  m olecular frame,
but we w i l l  use values from the  p lan ar model s in ce  fo r  sm all
angles o f tw is t  (only fo r th ese  our model is  ap p licab le ) these
changes a re  of l i t t l e  in fluence  on the num erical values o f the
bond orders c.

S3 and §4 are  taken around the bonds Ct - C2, C2 - C3 and C3 - C4
re sp e c tiv e ly . The d e f in i t io n  o f s ig n  used in  the  preceding §
c o rre la te s  a p o s itiv e  angle o f  tw ist with a righ t-handed  h e lix
(p re fix  S in  the c is  c o n fig u ra tio n ) .

In dea ling  w ith th e  geometry of the  frame u n it  v ec to rs  s 12,
s 23 and *34 a re  used, po in tin g  along the  bonds from the lower
numbered towards the  h igher numbered atom. Since only co n trib u 
tio n s  from nearest neighbours w ill  be taken in to  account the  two
su ff ice s  o f these vecto rs  prove superfluously  and the f i r s t  w ill
be om itted. The same app lies to  o ther q u a n titie s . The moments p2
and m° e tc . which a re  d ire c te d  along the  bond can be w ritte n  as

—♦

ij C*/3 *a/32 tt i m v 2ttI viv
(8 )

la/3 X pa ^>:</S S l/3 ' raay8 (9)

t r a n s i t i o n  (from the o rb ita l  i/^towards

( 10)

We ta k e  th e  le n g th  o f  th e
carbon-carbon bonds - n =
C 3 - C 4 = 2 d 2 a n d C 2 -  C 3 “  2 d 3*

Figure 2.

Therefore th e  in te g ra ls  Q and
S w i l l  be th e  same f o r  th e
bonds C, - C. and C„ - C„.L  2 3 4
A ngles Ö b e tw een  a d ja c e n t
bonds a re  assumed to  be 120°
in  agreement with sp 2 h y b ri
d iz a tio n . Angles of tw is t S2,
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p = p s2 and m° = m° s2 etc. The scalar quantities p and m are
also found from (6) and (7). By choosing an arbitrary reference
point, e.g. at C„, the vectors a' towards the line joining the
atoms can be taken as:
*2 = - 2 d 3 s3' »3 = “4 = 0
The transitional moments of the molecule become:

ij = C2J P2 *2 + C3U P3 *3 + C4J P4 8 4 (ID

ji " * C2J (m2 *2 - 2 d3 P2 *3 X #2) + (12)

' C3J m 3 s - c iJ*3 C4 m 4 8 4

while their scalar product determines the rotational strength.
In calculating the rotational strength we have to evaluate the

various vector products between unit vectors s. Some of these
are different for cis and trans configurations. For both
configurations we find:
s2 * *3 = s3 • *4 = cos ^ = ^ -  —  (13)
Further we introduce unit vectors £ 2 and £ 3 which we associate
with the positive part of the 2p orbitals at C 2 and C3. In the
cis configuration these vectors may be given by:

— » — ►

* 2 x »3 = sin 6 g2 = % 4*3 £2

—» —►
and sg x s4 = sin 6 = & ̂ 3 £ 3

Their scalar and vector products:

Ï2 * -3 = C0S 8 3

and x f 3 = sin 83 sg

depend on the angle of twist around the C2 - C3 bond. We assume
-90° < 8  < 0 °  and 0° < 8 < 90°, describing absolute configu
rations of opposite rotatory power. The products #2 . s4 and

s [s x s„] can be derived from:4 3 “
—*

S 2 = £  *3 -  Mi ^ 3  [s3 x £ 2]

s4 = ^ *3 - % ̂ 3 [s3 x ? 3]
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We find:

«2 • *4 = W - % cos S3 (14)

*4 * ^*3 x *2] = " % s in  S3 (15)

In order to  ca lcu la te  the t ra n s it io n a l  bond orders c H  wechoose•• CLp
the  Hiickel L.C.A.O. approxim ation. The wave functions yp, ordered
acco rd ing  to  the  energy they  belong to ,  a re  w ith n e g le c t  o f
overlap :

</>! = ^  4>l + H <t>2 + /J. <P3 + X 0 4

^2 = M 0 2 - A- 0 3 " M <̂4

0 3 = M - A- <t>2 - X 0 3 + M
1A4 = X - /i 02 + j j .  <f>3 - X 04

By solving the secu la r equation, we find  the four roo ts equal to
itëttë'/ö and th e  c o e f f ic ie n ts  X = 0,37 and n  = 0 ,60. Includ ing
o v e rlap s  the wavefuncticn i//± is  to  be m ultip lied  by (1 - x .S )'*4,
where x4 is  the  corresponding ro o t of the secu la r equation. The
f i r s t  e le c tro n ic  t ra n s it io n  (7̂ - * ^ * )  may be id e n tif ie d  w ith the
one e lec tron  tra n s it io n  4>2—»03- I t s  tra n s it io n a l  bond orders c 23
are:

c23= c43= * 2 ^  M c23= -  2 X2 ( 16)
The c o rre c tio n  fa c to r  fo r overlap  ( l  - x2S )"^(1 - x S)*^ w ith
x2 = ■ Xg = ■ 54 V  5 is  p ra c tic a lly  equal to  1.

The e le c tr ic  and magnetic t ra n s it io n  moments of th is  tra n s it io n
are  found equal to:

€23 = 2rriml<J2 K V- P2 <*2C0S S2 + 8 4 cos 8 4) +

+ 2 X2p3 *3 cos Sg] (17)

^23 = ■ ^32 = ~2*c [2 X M { «2 («2 s ln  S2 + *4 Sln S4> +

- 2 d3 ^2 [*3 X *2  ̂ C0S 8 2 > +

+ 2 X2 »° *3 s in  hg] (18)

(/a evaluated in respect of C_.)
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By s c a la r  m u l t ip l ic a t io n  o f  (17) and (18 ), the  r o ta t io n a l
s t r e n g th  R '  i s  found and in s e r t in g  (1 3 ), (14) and (15) i t
becomes:

R23 = Im e 23 • £  = —^ —  [2 X 2 /x2 p2 * °  (sin  2 8 + sin  28 ) +
23 32 47rm2c v 32

+ 2 X.4 p 3 *° s in  2 83 + 2 A-3 p2 «3 (cos S2 + cos 84) s in  83 +

+ 2 A3 M p3 *3 (sin  82 + s in  84) cos S3 +

+ X 2 /x2 p 2 s in  (8 2 + S4) (1 - 3 cos 8 3) +

+ 6 X 2 n 2 d3 p2 cos S2 cos S4 s in  8g] (19)

Here the angular dependence in  the bond moments and th a t  caused
by the general geometry is  brought up e x p lic it ly .
The sc a la rs  p  and »° are found from (6) and (7);

PP  = Q ^  ^
- °  -  h  e
Bfi

P  = 2, 3. 4

Because of equal bond lengths p2 = p4 and «° - no
4*

With numerical values:

■ 1 , 3 5  x 10*8 d 2 Q2 = 0 , 1 6 S = 0 , 2 4

■ 1 , 4 8  x 1 0 ' 8 d 3 <*3 = 0 , 1 3 S 3 = 0 . 1 7

= 3 , 1  x 108 v 3 2 = c t i n 15
2 , 8 x 1 0 ■5

X  * 0 , 3 7  X 2 = 0 , 1 4 X * = 0 , 0 1 9
/x. = 0 , 6 0  X  f j . = 0 , 2 2 X 3 /x = 0 , 0 3 1

X 2 /x2 = 0 , 0 4 9

eh 0,93 x 10*2° eh 0,84[ x 10‘ 25
47rmc 47T mv32

R23= ° ' 78 x 10*39 [ l, 17 (sin  2 8 + s in  2 84> +
0,26 s in  2 8 3  +
0,52 (cos 82 + cos 8 4 ) s in  8 +
0,60 (sin  8 + s in S 4> cos 8 +
0,58 s in  (8 ,  + 8 ) (1 - 3 cos 8g) +
5,54 cos 8 cos 84 sin 83] ( 20)

28



The contribution due to coupling between electric transition
moments in skew bonds is found about 3 to 10 times larger than
that from coupling between an electric and a magnetic bond
moment.

For small angles of twist (20) can be approximated by:

R23= [5,5 S3 + 1,3 (§2 + §4)] x 10'39 (20a)

The rather cumbersome derivation in this paragraph has thus
led to a formula which gives the rotational strength as a linear
function of the angles of twist.

5. Experimental and discussion.

Our measurements pertained to a number of steroids or closely
related substances containing a diene system in a six-membered
ring. Rotatory dispersion was measured in the near ultraviolet
approaching the first absorption band as close as was experimen
tally justified. In figure 3 the molar rotations are plotted
according to Lowry ( [ < £ 3 ' x versus \ 2 ).

X2 in 108 cm2
Figure 3.
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Extrapolation of the linear part of these curves to zero [0]
strongly suggests the optical activ ity  of the transition at about
280 m/j.. Assuming that the centre of the optically active band in a ll
these compounds is  located at th is  wavelength the rotational
strength is  calculated from the molar rotation at 350 m/J.. This
seems a reasonable procedure since th is wavelength is  always in
the linear part of the curves and close enough to the absorption
band to make the contribution of th is band by far the dominating.
More reliable values could have been obtained directly  from the
circular dichroism or by computational derivation from the rotatory
dispersion measured over a large wavelength region and through
the absorption band. However, measuring in the absorption band
proved unfeasible with our present apparatus because of the
r e la t iv e ly  high Ü.V. absorption of these compounds.

In table 1 a number of quantities are co llected  which are
important for a theoretical interpretation of the transition at
about 280 m̂t. The o sc illa to r  strength f t and the wavelength of
maximum absorption is estimated from the absorption spectrum ,
in some cases approached by a smoothed curve. The estimates are
not very accurate but su fficient for our purpose. The experimen
ta l one-electron moments, the e lectr ic  transition moment e 23’
and the component /x„_ of the magnetic transition moment parallel
to  e 2 , are calculated from the oscilla tor strength fj  and the
rotational strength Rt, according to the formulae:

1 87^v.m  2
“ f i = ---------- r ~  I e 23  12 1 3he2 23

(2 1 )

R 1 = 2 I ^ 3 2  I I  e 23 I ( 22 )

The theoretical values of the e lectr ic  transition moment and of
the rotational strength are calculated from the formulae (17)
and (20a). The necessary angles of tw ist were estimated from an
inspection of wire models having fixed bond angles. This proce
dure seems passable, although i t  is  clear that no structural
d e ta ils  due to  s te r ic  e f fe c t s  w i l l  be re flec ted . The molar
rotation at 350 m/u. due to the transition at 280 nyx is  calculated
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T a b l e  1

compound ^  350 ^1^ 350 f 01 L max «1 C23 e 23 “23 angles
measured ca lc u la ted xlO39 xlO18

exp.
X 1 0 1U

ca lc .
X 1 0 2 1

exp.
S2=S 4 S3

lum is te ro l  a c e ta te  (L) + 4400° + 5500° 0,14 275 mfi ** 2,7 2,1 2 ,7 0,6 0 +15°
e p i - (3 a ) - lu m is te ro l  (epi-L) <*■ 6800° * f * • • • 4,1 1,0 0
iso p y ro ca lc ife ro l  a c e ta te  (I) + 12300° pos<+1800° 0,15 280 *) 7,5 2,2 1.7 0 +5°
pyrocalcifeTol ac e ta te  (P) + 13800° nep>-1800° 0,15 280 *) 8,4 2,2 1,9 0 -5°
e rg o s te ro l  a c e ta te  (E) - 3550° - 5500° 0,18 280 2,1 2,4 1 * 0,4 0 -15°
a-phellandrene - 1300° 5500°

3200°
0, 05® 264 0,8 1,3 0,4 0

10°
15°
0

cyclohexad iene “ - 0,07 259 - 1.4 . . - . - -

*) estimated from smoothed curve

Ergosterol L u m is te ro l tso-pyrocalciferol Pyrocalciferol a  -  phellandrene

u»—*



from the theoretical estimate of the rotational strength Rj
9677N cJ2
he co^-co  2 R 1 ( 23 )

1 1with co =-----and co = ------
1 280 350

(a possib le influence of the refractive  index not being
cons idered)

The remarkable features of the longest wavelength U.V. absorp
tion band of a diene in a six-membered ring has been considered
several tim es. I f  th is  absorption is  compared with that of
trans-butadiene ( \_ ov = 220 mu) the redshift is  particularly

ID a X  *
strik ing. Theoretical interpretations have been reviewed by de
Kock 3a). The transition moment which follows from the absorption
in ten sity , has not received much attention . In a theoretica l
ca lcu la tio n  of the rotatory power, however, we are mainly
concerned with the transition  moments. Comparing the e lec tr ic
transition  moment as derived from the spectrum with the value
calculated from our model, we find satisfactory agreement as to
the order of magnitude. It is  even s ligh tly  better than the one
calculated according to the usual procedure (cf. Ch II). We are
inclined to think that the consistent calculation of the magnetic
transition moment w ill also yield reasonable values. In comparing
the experimental and calculated values of the rotation, we find
a fair agreement in some cases, in others the discrepancies are
large enough to raise doubt as to  the applicability of our model.
Therefore we w ill  discuss various p o s s ib ilit ie s  which may be
hold responsible for these discrepancies.

It does not seem probable that our estimate of the rotational
strength and the related assumption of the rotation at 350
being mainly due to a transition at about 280 mfJ- is  largely at
variance with the actual s itu ation . If we had considered the
rotation in the v isib le  region of the spectrum, contributions of
the Oseen.-Born-Kuhn type - i .e .  interaction of polarizabilities -
should have been taken intoaccount. We do not expect, however,
that such an effect would be specifica lly  due to the 280 nyx band,
since the p o larizab ility  of the diene system is  only s lig h tly
affected by th is  transition .

With a compound like a-phellandrene two conformations of the
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ring  system with ro ta tio n  of opposite sign are possib le; i f  both
th ese  conform ations a re  p resen t in  so lu tio n , a r o ta t io n  much
sm aller than the  one c a lc u la te d  can be expected. The s te ro id s
a lso  w ill not always e x is t  as r ig id  s tru c tu re s , but they may be
expected to  have th e ir  chromophoric system always in an i d e n t i 
c a l con fig u ra tio n . With th ese  compounds a comparison of c a lc u 
la ted  and measured ro ta tio n s  should be fe a s ib le  to  magnitude as
w ell as to  s ign .

One might argue th a t  the d is to r tio n  of the diene system cannot
be es tim a ted  from a w ire model o f th e  m olecule and th a t  one
should not be amazed i f  angles of tw is t  as la rg e  as 30° or 40°
would appear in  the a c tu a l molecule. This would indeed explain
to  a large  ex te n t the  occurrence o f much la rg e r  ro ta t io n s  than
were c a lc u la te d .

Table 2

*2  * * 4 S3 R1 ^ 1 ^  350 e 23 k max

0° 0 ° - . 2 , 7 x 1 o " 1 ® 2 2 0  m/x

CO © » 
0 0 ° 2 , 6 x l 0 * 3 9 4 3 0 0 ° 2 , 5 2 7 0

4 0 °

OoCO 6,  8 1 1 0 0 0 ° 2 , 3 2 7 0
4 5 ° 45 00c- 1 3 0 0 0 ° 2 ,  1 3 1 0

In ta b le  2 a re  given th e  va lues  of the  e l e c t r i c  t r a n s i t io n
moment, of the ro ta t io n a l  s tre n g th  and the  ro ta t io n  a t  350 m/x
according to  (17), (20) and (23), calcu la ted  fo r angles of tw ist
of about 40°. The th e o re tic a l  t r a n s i t io n  energ ies w ill  a lso  be
affec ted  when the angles of tw ist are  of th a t  order of magnitude.
The p o s it io n  o f the  a b so rp tio n  band given in  t h i s  ta b le  was
estim ated from the position  of the longest wavelength absorption
of planar butadiene and the t ra n s it io n  energies in  planar and in
d is to r te d  bu tad iene  both c a lc u la te d  accord ing  to  th e  Hückel
approximation. A possib le  in te rp re ta tio n  of the observed red sh if t
is  o ffered  by the assumption of each of the  angles o f tw is t 8
and S4 being la rg e r  than the angles 8 .

Other d i f f i c u l t i e s  rem ain . We m entioned th e  s i m i l a r i t y
in  the r o t a t o r y  d is p e r s io n  s p e c t r a  o f p y ro - and is o -p y ro -
c a lc if e ro l ,  which are  considered 9,10 syn isom ers. The sm aller
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o s c i l la to r  s tre n g th  of mono-cyclic d ienes compared w ith t e t r a 
c y c lic  ones are a lso  not explained.

Asymmetric induction too may con tribu te  to  the  ro ta to ry  power
of a p a r t ic u la r  t r a n s i t io n .  With th is  term is  meant a change of
the wave functions under the  influence of the e le c tr ic  f ie ld s  of
atoms e tc . ,  which do not d ire c tly  p a rtic ip a te  in the  chromophoric
system . The 2p atomic o r b i ta ls  may be modified by a d d itio n  of
e .g .  3p or 3d o r b i t a l s .  Such an e f f e c t  cou ld  be , a t  l e a s t
p a r t ia l ly ,  held responsib le  fo r the encountered o p tic a l a c tiv ity
of th e  d iene system . Although the  n o tab le  d if fe re n c e  in  th e
molar ro ta tio n  of s te ro id s  with epim eric su b s titu e n ts  a t C3, as
shown e .g . by the  lu m iste ro ls , may be caused by s te r ic  e f fe c ts ,
i t  might equally  be ascribed  to  an induction e f fe c t .  Moreover i t
might as w ell be possib le th a t  induction should a lso  account for
v a r ia tio n s  in  o s c i l la to r  s tre n g th . A q u a n ti ta t iv e  estim ate  of
th ese  in d u c tio n  e f f e c t s ,  however, is  r a th e r  u n c e rta in , s in c e
p r a c t ic a l ly  noth ing  is  known about th e  p e rtu rb a tio n s  a r i s in g
from th e  surrounding atoms.

The present experimental m ateria l is  not su ff ic ie n t  to  ind icate
in what respec t our model is  d e fic ie n t or to  suggest any of the
complements th a t  may be needed. Besides geom etrical fac to rs  and
the inductive e ffe c t  one might a lso  th ink  of sp e c if ic  in te rac tio n s
with so lven t molecules or between so lu te  molecules due to  some
kind of a sso c ia tio n . This would of course in v a lid a te  the assump
tio n s  underlying our model. A ll th is  remains very sp e c u la tiv e ,
however, u n t i l  more experim en tal f a c ts  have been ob tained . A
larger number of substances, v a ria tio n  of solvent, of concentra
tio n  and temperature w ill have to  be studied.
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CHAPTER IV

CARBONYL COMPOUNDS.

1. Introduction.

As an example for the study of optically active C=0 compounds
trans /S-hydrindanone has been chosen.

This compound has the advantage of a rigid structure, with a
two-fold axis of symmetry along the C=0 bond. These features will
facilitate a theoretical interpretation of optical measurements
in terms of molecular geometry and electronic structure. Moreover,
when measuring optical rotatory dispersion and circular dichroism
within the range of U.V. absorption, the high specific rotation,
[a]D = ~  300°, will impose less stringent instrumental requirements.
Before discussing the U.V. absorption band at 290 m/j. and its

bearing on the optical rotatory power, it will be useful to
review shortly the present ideas about the electronic structure
of the C=0 group In most carbonyl compounds the bonds in
which the C-atom participates are co-planar, enclosing angles of
120° (cf. figure 1). The local symmetry of the C=0 group there
fore is C2y (two planes of symmetry and a two-fold axis). A
trigonal hybridization (sp2) of carbon is implied by this picture.
The hybrid orbitals can be represented by:

(Here the symbols Sc, Yc and Z c represent the 2s, 2p and 2p
atomic orbitals at carbon.)

P hydrlndanona

tx = + ^/2 Yc + Zc + Sc

t2 = - 2*̂ 2 YC ♦ j/ë Zc + g/if Sc

- •gv'i Z c ^ 3  Sc
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Of these o rb ita ls  only the one extending towards oxygen ( t 3) is
considered as a part of the C=0 group. The other two hybrids are
supposed to  take p a rt in  strong  loca lized  bonds with the  o ther
two attached  atoms.

—  o  —

F i g u r e  l !  O r i e n t a t i o n  o f  t h e  a t o m i c  o r b i t a l s ,  i n  t h e  C- 0  g r o u p .
( T h e z - a x i s  i n  t h e  0 - C d i r e c t i o n  a l o n g  t h e  a x i s  o f
s y m m e t r y . )

Regarding th e  h yb rid iza tion  a t oxygen the d e sc rip tio n  is  less
p rec ise . Some form of digonal hybrid ization  can be assumed, e .g .:

dj = + c Z° Vl~- c 2's °

d2 = - / l  - cT Z° + c S°

with c a t present not fu rther specified .
Prom the hybrids and the  remaining 2p o rb i ta ls  of carbon and

oxygen, m olecular o rb i ta ls  can be constructed:
*  * *

*  = V  dx + h r  t 3 ^  = V  dl * *3

w - -  X°  ♦ AV x c  TT* = K  x °  -  XC

These o rb ita ls  are bonding and anti-bonding respec tive ly . Lastly
the  o rb ita ls

Y° and d2

describe non-bonding o rb ita ls  localized  a t oxygen.
The sequence of the  o rb ita ls  according to  th e i r  energ ies, as
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based upon spectroscopical evidence, is given in figure 2. Un
certainty exists as to  the energy of the non-bonding orb ital d„.
I t is connected with the hybridization at the oxygen atom.

E in 103 cm

F i g u r e  2 :  Term sch em e  o f  t h e  o r b i t a l s  i n  t h e  C=0 g r o u p .

In the ground s ta te  two electrons can be assigned to each of
the four lowest o rb ita ls . Absorption in the u ltra -v io le t leads
to the excitation of an e le c tro n  from the bonding or non-bon
ding o rb ita ls  to  one of the anti-bonding o rb ita ls  or to  s t i l l
higher levels. Observed absorption bands are located a t 290 mp.,
at about 200 m/j. or possibly a t somewhat shorter wavelength, near
180 m/j. and near 150 mfx. Although the bands in the vacuum U.V.
have been observed in only a few instances and values in th is
region may d iffer for different compounds, the general appearance
of the absorption spectrum is  Quite sim ilar in a v a rie ty  of
compounds. Ultimately, th is  s im ilarity  ju s tif ie s  the treatment
of the carbonyl group as a separate chromophoric system.

The bands at wavelengths a l i t t l e  below 300 my. and 200 my are
ascribed to  the transition  np —*v* and np—*cr+ resp. The band at
180 n y  probably is  to  be id e n t i f ie d  with the transition  tt— * tt* .

The assignment of the band at 150 m/j. is  not certain; transitions
77 >cr*> & well as a Rydberg-series have been considered.
In th is description transitions from the level belonging to the
non-bonding o rb ital d2 are generally not considered.
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2 a .  The n p— >77 t r a n s i t i o n  in a b s o r p t i o n .

The absorp tion  band a t 290 nyx in  a lip h a tic  carbonyl compounds
has been ex te n s iv e ly  s tu d ie d . I t  is  of p a r t ic u la r  in te r e s t  in
r e la t io n  with o p tic a lly  ac tiv e  ketones, since the  determ ination
of ro ta to ry  d isp e rs io n  and of c ir c u la r  dichroism  a re  very w ell
p o ss ib le  in  th is  s p e c tra l  reg ion .

The assignment of th is  band to  the n —>77 tra n s it io n  is  based
on sev era l c h a ra c te r is t ic  fea tu res  of the  U.V. absorption spec
trum. The in te n s ity  and shape of the  band changes l i t t l e ,  when
su b s titu e n ts  attached  to  the C=0 group are  varied  and th e re fo re
the t r a n s i t io n  is  considered as lo ca lized  in  th is  group. I t  is
forbidden by lo ca l symmetry (C ) . In accordance the  e x tin c tio n
value i s  r a th e r  low (10 < e max < 100), which is  the  o rder of
magnitude of a t r a n s i t io n  allowed by coupling w ith v ib ra tio n s .
The large  wavelength s h i f t s  towards sh o rte r  wavelengths (b lue-
s h i f t s )  occurring  upon in c reas in g  p o la r i ty  o f th e  so lven t are
a ls o  c o n s is te n t  w ith  t h i s  assignm ent. The outw ardly d ire c te d
charge d is tr ib u tio n  of the n o rb ita l  favours in te rac tio n  with a
polar solvent., which lowers the energy of the ground s ta te .

The t r a n s i t io n  is  allowed as m agnetic d ip o le  ra d ia tio n , but
th e  observed in te n s ity  ( f  = 10*3 t i l l  10 4) is  too  large to  be
a t t r ib u te d  to  t h i s  mechanism. An o s c i l l a to r  s tre n g th  of th is
o rder o f magnitude must be a scribed  to  an e le c t r i c  d ip o le . An
e le c tr ic  dipole t ra n s it io n  which is  forbidden because of symmetry
(a lso  in  case of lo c a l  symmetry) may become allowed i f  t h i s
symmetry is  s u f f ic ie n tly  lowered by a d is to r tio n  of the molecule.
This d is to r tio n  maybe due to  v ib ra tio n s; fu rth e r, i f  the  t r a n s i 
t io n  is  forbidden by loca l symmetry only, th ere  may be in te ra c 
t io n s  w ith d is ta n t  atoms which a re  la rg e  enough to  a f f e c t  th e
symmetry, so th a t  the  t r a n s it io n  becomes allowed. In a following
section  we w ill  d iscuss these mechanisms more fu lly .

2b .  O p t i c a l  a c t i v i t y  in t h e  n p— >77 t r a n s i t i o n .

*
O p tic a l a c t i v i t y  in  ketones is  p a r t ly  due to  th e  n p — * - n

t r a n s i t io n  as follow s from ro ta to ry  d ispersion  or more d ire c t ly
from c ir c u la r  dichroism . This may be in te rp re te d  th e o re tic a l ly
as a simultaneous occurrence of a magnetic dipole and an e le c tr ic
dipole t ra n s it io n . The observed c irc u la r  dichroism is  p roportio 
na l to  the  component of the  e le c t r i c  t r a n s i t io n  moment in  the

38



direction of the magnetic transition moment. This magnetic moment
is mainly localized at oxygen and orientated parallel to the C=0
bond (z-polarized) pointing away from the carbon atom. As an
allowed transition its magnitude is nearly Therefore a
theoretical estimate of the rotational strength requires the
calculation of the z-component of the electric transition moment.

Kauzmann, Walter and Eyring 2) have performed such a calcula
tion for 3-methylcyclopentanone by assuming a deviation from the
local symmetry due to distant atoms, resulting in admixture to
the excited state wave function of 3d functions at oxygen. The
extent of admixture has been estimated by postulating a pertur
bation due to incomplete screening of the (asymmetrically loca
ted) nuclei. According to Vol’kenshtein the effective charges
in the Slater orbitals used in that calculation are too low;
this overestimates the dimensions of the charge distributions.
With more realistic values the calculated effect would practi
cally disappear. Using the same perturbation potential he also
calculates the amount of mixing of orbitals in the ground state,
namely the mixing of some bonding tt to the np function. Again he
finds an effect which is much too small. From these results he
concludes that the optical rotatory power should be explained by
an interaction of polarizabilities of the type as discussed by
Born, Oseen and Kuhn.
Although his criticism seems convincing, his suggestion as to

the origin of the rotatory power does not provide an explanation
of the circular dichroism of the 290 nyu. band as an one-electron
transition. It may be that the idea of Kauzmann c.s. as to the
admixture of a 3d orbital at oxygen is supported by the octant
rule 4). For this mixing a perturbation is required proportional
to the product xyz, which is just what one would expect as a
basis for the octant rule. Indeed, this rule is formulated by
assuming admixture of 3d functions 4a*. Moreover, quantitative
agreement between calculated and experimentally estimated rotatio
nal strengths of a number of monocyclic and bicyclic ketones has
been obtained by assuming the same perturbation potential and
nearly identical wave functions as were used by Kauzmann c.s..

However, one might argue that Vol'kenshtein*s criticism should
also apply to this recent work. In this entangled situation it may
be helpful to take a somewhat different point of view.

First of all, we want to point out that the absorption inten
sity in optically active compounds is of the same order of mag
nitude as is found in inactive compounds. Therefore a theory of
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the absorption intensity  should equally apply to  both groups of
compounds.

Secondly, one may determine the e le c tr ic  tra n s itio n  moment
from the observed absorption in ten sity  and use th is  value to
calculate from the ro tational strength the minimum value of the
magnetic tran sitio n  moment. From our measurements we deduce in
th is  way a value which seems d if f ic u l t  to  explain as w ill be
discussed la te r .

The next sections w ill be devoted to  the discussion of these
two points.

2 c .  I n t e n s i t y  c a l c u l a t i o n s  f o r  n — *77 t r a n s i t i o n .

In carbonyl compounds like formaldehyde or acetone the np—* tt*

transition  is  forbidden in the equilibrium position of the nuclei
because of the high symmetry of the molecular frame in these com
pounds. In less symmetrical compounds i t  may become allowed but
the local symmetry around the carbonyl group w ill keep the value
of the  e le c tr ic  t r a n s i t io n  moment very low. As soon as the
symmetry is lowered, due to vibrations of the molecule or to  a
d isto rtion  of a permanent character, the transition  probability
rises so that light absorption becomes measurable. The coupling of
e lec tric  dipole transitions with vibrations has been treated by
Herzberg and Teller 5). Murrell and Pople 6) have elaborated th is
method.

The dependence of the e lec tric  transition  moment on the re la 
tive  positions of the nuclei in a molecule can be expanded into
a Taylor series:

e(Q)  = e ( ° )  + 2  ( j j |  ) 0 + ........... d >

Q̂. = £ 'th  normal coordinate (this determines the positions of
the nuclei during the th normal vibration).

Q = shorthand notation for a l l  the normal coordinates.
i*(Q) = e lec tric  transition moment as a function of Q.
<f(o) = e lec tric  transition  moment with the nuclei in some refe-

_ rence position (o).
(•^*) = variation of the transition  moment due to the vibration

* described by Q .̂
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Por allowed tra n s it io n s  the term e ( 0) generally  is  large compared
with the  o ther terms in  the expansion and the t r a n s i t io n  moment
may be discussed in  terms of the e lec tro n ic  p a rt of the wave func
tio n s  on ly . For symmetry forbidden t r a n s i t io n s  e (o )  = 0; fo r
tra n s it io n s  forbidden only by local symmetry i*(o)/EO, but is  com
p ara tiv e ly  sm all. Therefore in  these cases the v a ria tio n s  o f the
tra n s it io n  moment have be to  taken in to  account.

Assuming fo r the moment e(o ) = 0, the absorption in te n s ity  of
a separate  v ib ron ic  tra n s it io n  from the zero ' th  v ib ra tio n a l level
of the e lec tro n ic  ground s ta te  (O.o) towards the k 'th  v ib ra tio n a l
leve l o f the K’ th  excited s ta te  (K.k) becomes

Fxk— o o W I 2 ^  < ^ ) a < X ol « f l X' t ><^ ,k l0t f l Z o> (2).

where and X’ k represent the v ib ra tio n a l wave function of the
a p p ro p ria te  le v e ls . The summation o f th i s  expression  over a l l
v ib ra tio n a l lev e ls  going with the  excited  s ta te  should y ie ld  the
dipole s tren g th  of the e lec tro n ic  tra n s it io n  K<—0.

The fac to rs  £  are estim ated by considering the small d isp lace-
ments of the  n u c le i during  the  z e ro -p o in t v ib ra tio n s . Such a
displacem ent r e s u l ts  in  a p e rtu rb a tio n  which is  eq u iv a len t to
th a t  o f a d ip o le  a t  the  o r ig in a l  p o s it io n  o f the  nucleus and
d irec ted  p a ra l le l  to  the displacem ent. I t s  magnitude i s  equal to
the product o f the e ffe c tiv e  charge of the nucleus in to  the  root
mean square displacem ent. In the next s tag e  o f the c a lc u la tio n
according to  the H erzberg-Teller approach each of the pertu rba
tio n s  is  evaluated by expanding the wave function in  the p e rtu r
bed s ta t e  in to  a s e r ie s  of those of the  unperturbed system. Of
course the  complete s e t  o f the  wave fu n c tio n s  should be used,
but only those o f neighbouring s ta te s  are  g e n e ra lly  taken in to
account.

Along these  lin e s  Pople and Sidman 7> have ca lcu la ted  the ab 
s o rp tio n  in te n s i t y  o f th e  290 m/ j . band in  form aldehyde. They
consider the e f fe c t  of motions of th e  two H-atoms r e la t iv e  to
th e  C=o group. The only  m otions which may have th e  d e s ire d
e ffe c t  a re  the p a ra l le l  displacem ents of the H-atoms in  the  x-
d ire c tio n  or in th e y -d ire c tio n . The re s u l t  of th e ir  ca lcu la tio n  is
th a t  the  t r a n s i t io n  becomes allowed mainly due to  the  o u t-o f 
plane wagging mode o f v ib ra tio n . This mode (symmetric w ith re s -
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peet to  th e  x z -p la n e , th e re fo re  in d ic a te d  as Sx in  ta b le  1)
describes the p a ra l le l  motion of th e  hydrogens in  the x -d ire c -
tio n , the r e s u l t in g  t r a n s i t io n  is  mainly y -p o la rized .

At th is  point we want to  ra ise  some c ritic ism . In the Herzberg-
T e lle r  approach the  p e rtu rb a tio n s  due to  the  n u c le i a f fe c t  a l l
e le c tro n s . Pople and Sidman take in to  account the pertu rbations
of the  e le c tro n s  in  the C=0 bond only, whereas th e  o ther e le c 
tro n s  rem ain  u n a ffe c te d . A ccording to  th e  Born-Oppenheimer
approxim ation th ese  e le c tro n s  would be expected to  follow  the
motion o f th e  n u c le i. This w il l  counterbalance the  c a lc u la te d
d ipo les  to  a la rg e  e x te n t. On the  o ther hand, in  th i s  p ic tu re
there  now appears a change in the hybrid ization  a t the  C-atom of
the C=0 group as the  main e ffe c t from which the observed in te n s ity
o r ig in a te s .  Here a g a in , the  r e s u l t  i s  th a t  th e  t r a n s i t io n  is
m ainly y -p o la r iz e d .

In ketones, lik e  acetone or cyclopentanone, the tra n s it io n  may
a ls o  become allowed because of a kind of rocking  mode (Ax) in
the CHg- or CH2* groups, absent in  formaldehyde. The symbol Ax
is  used to  in d ica te  th a t  part of th e  motions in  the x -d ire c tio n
which is  antisymmetric w ith respect to  the zx-plane perpendicular
to  the plane of the molecule; th is  motion is  a lso  antisymmetric
w ith re sp e c t to  th e  xy-p lane. I t  d es tro y s  th e  symmetry of the
molecule such th a t  a t  most a two-fold axis remains and o p tica lly
a c tiv e  co n fig u ra tio n s  a re  reached. S ta r t in g  from planar cyclo 
pentanone e .g . t h i s  s i tu a t io n  would be re a l iz e d  i f  one o f the
CHg- groups ad jacen t to  th e  C=0 group is  tw isted  such th a t i t s
H-atoms move upwards whereas in  the  other CH„- group the H-atoms
move downwards. I f  th e  in te ra c t io n  of th e  CHg- group with the
e le c tr o n s  o f th e  C=0 group can  be d e s c r ib e d  as due to  two
dipo les, one w ill  have the d irec tio n  of the positive  x -ax is , the

Table 1

i nduced t r a n s i t i o n  moment o f  np -----» t t % t r a n s i t i o n

s t a t e s
u n p e r t u r b e d  admixed v i b r a t i o n

r e s u l t l n g
p o l a r  i z a t  ion

*
7r or s x y
n or A X

P a r y
n y 7r A z

P „ Xy
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other of the negative x-axis. These dipoles will produce a per
turbation at the oxygen atom proportional to the product xy. As
a consequence of this the n p state will mix with some v  bonding
wave function giving rise to a transition with finite probability
and polarized in the z-direction. The result of these considera
tions are summarized in table 1.
The perturbation that would bring with it a mixing of 3dzx with
np or of 3dyz with ttx requires a product xyz, which is a higher
term in the Taylor series of the perturbing potential and there
fore presumably less important.

The question may arise why eyelopentanone e.g. which presumably
has a component of the electric transition moment in the z-direc-
tion and an allowed magnetic dipole transition moment in the
same direction does not show optical activity. Analogously to the
formula (2) for the dipole strength the contribution of a sepa
rate vibronic transition to the rotational strength becomes:

rKk " Im (eKkt— 0o* ^0o— »Kk> (3)

For the magnetic transition moment only the first term /!(°) in
the Taylor expansion is of importance, whereas the electric
transition moment starts with Q,(^  ) .£ o
rotational strength r k can be written as

This means that the

rKk * W ° )  < * 0 * * k >* ^ (dij)o < * k ' I * o>  ̂ W)
If the vibrational functions X correspond to a parabolic or
other symmetric potential function the factors in (4) cannot
simultaneously differ from zero. Therefore the rotational strength
will be zero.

Let us consider an optically active configuration fixed e.g.
in eyelopentanone by fusing the five membered ring to a cyclo
hexane ring in a trans ring juncture, as in optically active
/3-hydrindanone. The potential function becomes a double-minimum
function with a barrier high enough to prevent racemization by
tunnelling. Now the vibrational wave functions will belong to
one of the hollows in the potential corresponding to a laevo- or
dextro-rotatory configuration of the molecule. These wave func
tions will not be symmetric or antisymmetric with respect to the
zero value of Q and therefore both factors in (4) involving
these functions may at the same time differ from zero.
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I f  the symmetry of the molecule i s  the same as that of the
chromophoric system (C„v) the e lectric  transition moment is  due
to vibrations only. In ketones of lower symmetry (not necessarily
op tica lly  active) there may also  be a moment caused by time-
independent interactions with asymmetrically located atoms. The
problem of evaluating the resulting transition moments remains,
however, essentia lly  the same whether one considers symmetric or
asymmetric, optically  active of optically inactive ketones. One
would therefore expect that the mechanism which accounts for the
electric  transition moment of the 290 m/ii band w ill be very simi
lar in a l l  these cases.

3 .  Ex p e r i  m e n t a l .

S p e c t r a  o f  p - h y d r i n d a n o n e .

Ultra-violet absorption spectra *) are reproduced in figures 3,
4 and 5; three solvents of widely differing polarity were used:
methyl alcohol (e = 25), dioxane (e = 4) and isooctane (e = 2).
A blue-shift upon increasing polarity of the solvent is  not very
pronounced. Striking is  the difference in fine-structure which
is  well resolved on the long wave length side of the band in the
solvent isooctane.

Optical rotatory dispersion spectra in these solvents, repro
duced in figures 7, 8 and 9, show a similar feature. Again the
fine-structure is  better resolved in a solvent of le ss  polar
character. These spectra d iffer from the data of Bourn and Klyne 8>,
who report only one peak and one trough in a l l  solvents used.

Circular dichroism was measured in isooctane as the solvent
(figure 6). As a check **) on the measurements the circu lar
dichroism was also calculated from the dispersion curve by appli
cation of the Kramers-Kronig relations (cf. Ch. I). That part of
the rotation that was estimated to  be due to  bands at shorter
wave length was f ir s t  substracted. The resulting curve is  given

• )  The a b s o r p t i o n  s p e c t r a  were  r e c o r d e d  o f  a  Ca ry  M14 s p e c t r o 
p h o t o m e t e r .  I t s  r a d i a t i o n  i s  by f a r  s u f f i c i e n t l y  monochroma
t i c  t o  r e s o l v e  t h e  o b s e r v e d  f i n e - s t r u c t u r e  a d e q u a t e l y .

• • )  I  w i s h  t o  a c k no w le d ge  w i t h  g r a t l d u d e  t h e  v a l u a b l e  a s s i s t a n c e
o f  Miss  M. J .  Wlgg e r s  de V r i e s  i n  c a r r y i n g  o u t  t h e s e  c a l c u l a 
t i o n s  by a n u m e r i c a l  me th od ,  w h ic h  w i l l  be t h e  s u b j e c t  o f  a
f u t . u r e  a r t i c l e .
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in figure  11. A f a i r  agreement between the shapes of the c a lcu 
la te d  and e x p e rim e n ta l curve was found, bu t th e  c a lc u la te d
values were some 15% higher than the  observed ones. We are in 
c lin e d  to  a t t r ib u t e  th ese  d iffe re n c e s  fo r  the  la rg e r  p a r t  to
u n c e rta in tie s  in the measurement of the c irc u la r  dichroism.

Although the absorption curve and the dichroism curve are very
sim ila r in  shape the r a t io  of dichroism to  absorption (g -facto r)
v a rie s  w ith wave length . I t  is  possib le  to  s p l i t  up each curve
in to  two d if fe re n t  ones each with a constan t g -fa c to r  (fig u res
10 and 11). The longest wave length curve shows pronounced fin e -
s tru c tu re  and th e  ty p ic a l  fea tu res  of a p rogression  due to  the
C=0 s tre tc h in g  v ib ra tio n . The d istance between consecutive peaks
is  1200 - 1210 cm . In th e , well understood, absorption spectrum
of formaldehyde i t  is  1180 cm and the in te n s i ty  r a t io s  too
are very s im ila r. The other curve reveals very l i t t l e  f in e -s tru c 
tu re . I t  may be of in te re s t  th a t in the 290 ib/j . band of camphor 9 )
the g - fa c to r  i s  not constan t e ith e r  but here no f in e -s tru c tu re
has been found and a s p l i t t i n g  up o f th e  band becomes more
a r b i t r a r y .

To check th e  idea th a t  the  longest wave len g th  p a rt may be
in te rp re ted  as a s ing le  progression, the r e la t iv e  in te n s i t ie s  of
the components o f th is  part of the spectrum were ca lcu la ted  from
an approximation of the C=0 s tre tc h in g  mode. Harmonic o sc il la to rs
were used as th e  v ib r a t io n a l  e ig e n fu n c tio n s , fo r the  ground

Table 2

r e l a t i v e  i n t e n s i t i e s  i n  t h e  p r o g r e s s i o n  due
t o  t h e  C=0 s t r e t c h i n g  mode

c a l c u l a t e d  i n t e n s i t i e s
( s q u a r e  o f  o v e r l a p  o f
h a r m on ic  o s c i l l a t o r s )

o b s e r v e d  i n t e n s i t i e s

a t
wavenumber

r e l a t i v e
h e i g h tP = 1 . 4 0 1 , 5 0 1 ,55 1 , 7 0 2 , 0 0

0<----- 0 1 1 1 1 0 , 4 3 0 . 8 5 0 1
u ------ 0 1 , 3 9 1 ,5 9 1 .72 2 , 0 4 1 3 2 . 0 5 0 1 , 7
24------ 0 0 , 7 2 0.  98 1 . 1 4 1 .74 1 ,2 5 3 3 . 2 5 0 1 .2
3<------ 0 0 , 1 6 - 0 , 3 8 0, 76 0,  9 3 4 . 4 5 0 0 , 4 5
4«------ 0 - - 0,  04 - 0,  44 3 5 . 6 5 0 0 , 1
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F i g u r e  3:  U.V. a b s o r p t i o n ,  s o l v e n t  m e t hy l  a l c o h o l .
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F i g u r e  4:  Ü.V. a b s o r p t i o n ,  s o l v e n t  d i o x a n e .
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F i g u r e  5 : U .V. a b s o r p t i o n ,  s o l v e n t  i s o o c t a n e .
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F i g u r e  6* C i r c u l a r  d i c h r o i s m ,  s o l v e n t  i s o o c t a n e
( d i r e c t l y  meas u red  a s  t h e  e 1 l i p t i c i t y )•
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state  and for the excited state  with different frequencies (o>g =
1750 cm*1 and co = 1205 cm*1) and d ifferen t equilibrium posi
tions. The frequencies were taken from the infrared spectrum and
from the observed U.V. absorption progression. The force constant
for the ground s ta te  was taken as kg = 10,2 x 105 dyne/cm 10).
With these data relative intensities were calculated in terms of
a parameter p = v/J5(d -de), proportional to the difference in
equilibrium distance in the ground state  (dg) and in the excited
sta te  (de), with =-—e^«. The curve observed in absorption can
be bu ilt up as a superposition of gaussian curves (cf. figure 10).
These gaussian curves give then the observed in tensities. These
are compared in table 2 with the calculated ones. The value p =
1,55 corresponds to  a d ifference in bond length of 0 ,1085 8,
which is  a reasonable value.

D i s c  u s s  i o n .

Prom the absorption curve and the dichroism curve the tra n s i
tion  moments can be evaluated. The formulae used are

The coefficien ts [k] and [9] are molar coefficients. These are
expressed in m oles/liter cm. Whereas | e | and I | are absolute
values of one-electron tran s itio n  moments.

For the two bands we find

A (the longest wave length band)

In both cases the values of the magnetic tra n s itio n  moments
are higher than would be expected. The magnetic transition  moment

3hc 10

3hc 10 2 |e || /i.|cosa
S n 3 '  N

D = 0.7.10*38
R = 1 ,1 .10*39

e * 0 ,59.10*19
e ai cos a  = 0.92.10*20

B (the shortest wave length band)

D - 2.65.10"38
R = 2.65.10'39

6 = 1.15.10*19
e fj. cos a  = 1.14.10*20
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F i g u r e  10: _______ U.V. a b s o r p t i o n  i n  i s o o c t a n e ,
_______ p a r t i a l  c u r v e s  g i v i n g  c o n s t a n t  g - f a c t o r s .

4 [ e ] - [ K ] l - [ K ] p

F i g u r e  11: C i r c u l a r  d i c h r o l s m ,  s o l v e n t  i s o o c t a n e ,
— — c a l c u l a t e d  f rom t h e  d i s p e r s i o n  c u r v e s ,
_______c a l c u l a t e d  from t h e  p a r t i a l  c u r v e s
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between the o rb ita ls  np = Y° and v *  = k ^ 0 - /j! x c (X/ and /j!
both p o s itiv e ) is

< M °7 T ^Xc|Mz|Y0 > = < Vc° - /VCc|x° >/ig ( K  -

where np  = = 0.927.1 O'20.

Therefore a value higher than 0 ,4 .1 0 '20, say, is  very unlikely.
Nevertheless the values deduced from experiment are  higher fo r
band A as well as for band B.

Prom these resu lts  two problems come to  the fore:
1- What is  the o rig in  of a t le a s t two differen t g -factors?
2- How does the very high value of the magnetic tran s itio n  moment

arise?

We do not think th a t the present experimental evidence gives a
su ffic ien t base for a so lution of these problems.
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C H A P T E R  V

M E A S U R I N G  A P P A R A T U S .

The measurements o f ro ta to ry  d isp e rs io n  and c i r c u la r  dichroism
rep o rted  in  th e  ch a p te rs  I I I  and IV were performed w ith an appa
ra tu s  assembled from th e  follow ing c o n s ti tu e n t p a r ts :

A Bausch & Lomb g ra tin g  monochromator (1200 grooves/mm) blazed
a t  300 m̂ t equipped w ith condensor len s  and th e  stan d ard  l i g h t
so u rces  (N ester hydrogen a rc , tu n g s ten  band lamp and mercury
a rc ) ;  two Gian p o la r iz in g  prism s (H a lle ) , th e  an a ly so r fix ed
in  a g ra d u a te d  c i r c l e  w hich was eq u ip p ed  w ith  a v e r n ie r
readab le to  one minute o f an a rc ; sample c e l l s  o f 1,2 and 5 cm
leng th  w ith  fused s i l i c a  windows; a S o le i l  compensator (Steeg
und R e u te r) , i t s  re ta rd a tio n s  read ab le  a t  \  a t  300 m/i;
a p h o to m u ltip lie r  tube (R.C.A., IP  28), fed with high v o ltag e ,
c o n tin u o u s ly  a d ju s ta b le  down to  -1150 V o lt; a m irro r  g a lv a 
nom eter (K ipp & Z onen), s e n s i t i v e  to  5 x 10 11 Amp., to
in d ic a te  th e  pho tocurren t w ithout am p lif ic a tio n .

On an o p t i c a l  bench o f  1 m len g th  were mounted th e  p o la r iz in g
prism s, sam ple c e l l  h o ld e r , photo tube and S o le i l  com pensator,
th e  l a t t e r  only when measuring c i r c u la r  dichroism . The f ie ld  (8°)
and th e  d im e n s io n s  (15x15x16mm) o f  th e  p o l a r i z i n g  p rism s
determined th e  d iam eter o f  th e  beam o f l i g h t .  To g a th er as much
lig h t a s  p o s s ib le  a s l i g h t ly  convergent beam was used w ith th e
e x it  o f the monochromator imaged on the  p h o to m u ltip lie r tube. As
ex it was used a c i r c u la r  diaphragm o f 1 mm diam eter; th i s  f i l l e d
the ap e rtu re  o f th e  p o la r iz o r  and suppressed some spurious l ig h t .

The q u a l i t y  o f p e rfo rm an ce  o b ta in e d  from  t h i s  a p p a ra tu s
depended alm ost s o le ly  on th e  in te n s i ty  and s p e c tr a l  p u r ity  o f
the l i g h t  as determ ined by th e  monochromator. The 1 mm width o f
the s l i t s  corresponds to  a band width o f 0,3 nyx. In a c tu a l p rac
t ic e  i t  was p ro b ab ly  b e t t e r  th an  t h i s  v a lu e  s in c e  a c i r c u l a r
e x it was u sed . S tr a y  l i g h t  from th e  monochromator cou ld  g iv e
r is e  to  s e r io u s  e r ro r s .  For samples of h igh  o p t ic a l  d en s ity  th e
sm a ll  i n i t i a l  f r a c t i o n  o f  s t r a y  l i g h t  (a b o u t 0.5%) became
co n sid erab le  in  th e  r a d ia t io n  f in a l ly  d e tec ted . T herefore, as a
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rule, samples of less than unit optical density were measured.
By the use of a suitable auxiliary filter, reliable measurements
could be made of somewhat denser samples.

Rotation measurements were made by the method of symmetrical
angles1*. Blank readings could be made in the visible and ultra
violet between 700 m/x and 220 m/x. The spectral response of the
phototube limited the sensitivity in the red. Towards the low
wavelength side, below 230-240 m/x the decrease in transparency
of the prisms and windows lead to less reliable values. The
ultimate limit depended on the nature and the purity of the
solvents used. When measuring the rotation of transparent media
small symmetrical angles were used (3° to 5°) and medium voltage
applied to the phototube. The reproducibility and accuracy of
the resulting measurements were then determined by the readings
of the analysor displacements (possible to 1' or 2'). Larger
symmetrical angles and maximum voltage to the photomultiplier
tube became necessary when measuring an absorbing sample and the
reproducibility was decreased to 3' to 5'. Moreover the accuracy
was limited further under such circumstances by a systematic
error due to the relatively increased amount of stray light.

Circular dichroism was measured as an ellipticity resulting
from differences in absorption of the circular components of
plane polarized light. By a variable wave retardation plate
(Soleil compensator) orientated with its axes at 45° towards the
initial plane of polarization, the ellipticity of the sample
could be compensated. By determining the photocurrent minimum
with respect to variations in the settings of the analysor and
the compensator the rotation and the ellipticity of the sample
could be established. The small ellipticity which is caused by an
optically active sample can be taken to be equal to its circular
dichroism. The accuracy of the dichroism spectrum obtained in
this way is comparatively small, but to attain the highest
accuracy would have required corrections for almost unavoidable
errors resulting from the manufacturing and mounting of the double
refracting plates of the Soleil compensator2 *. Furthermore,
measurements made with less than perfectly parallel light also
give rise to systematic errors. However when measurements were
carried out according to the method outlined, it was possible to
perceive relative differences.

The above description demonstrates that it is feasible to
construct a spectropolarimeter at a fraction of the cost of the
commercially available ones. We realize nonetheless that the
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system  u sed  by u s i s  l a b o r io u s  and o b s o le te  a s  f a r  a s  th e
measurement o f  r o ta t io n  i s  concerned. Improved system s and new
concepts have been proposed re c e n tly  and a re  ap p lied  in  in s t r u 
m ental design3K
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APPENDIX
SYNTHESIS OF OPTICALLY ACTIVE TRANS /S-HYDRINDANONE.

Trans /?-hydrindanone was prepared from tra n s  /3-decalone and
tra n s  /3-decalol according to  the  fo llow ing scheme:

I Cr03
I a ce tic  acid

03T
t r a n s  /

,CH2— COOH

'CH2 ---- COOH

alk.K M nO a
w a te r

CH2 — COOH ^COOH

+  I H

CH2 ---- COOH
tr a n s

CH2 — CH2 —  COOH
tr a n s

cinchonldina M ag |d  f C Y ^ \ = 0
/  Ba(OH)2 \

(-) tr a n s
3 hydrin da none

— ---- j— -(-)a c id  rb rucine

T h i s  r o u t e  h a s  b e e n  d e s c r i b e d  i n  e v e r y  r e l e v a n t  d e t a i l  by
H i ic k e l  1 ) .

Dekahydro /3-naphthyl ace ta te  (Pluka) was used as the  s ta r tin g
m ateria l. A fter hydrolysis th is  product y ielded  a mixture of c is
and t r a n s  ep im eric  /3 -d eca lo ls . Gas l iq u id  chrom atography
showed the presence of th ree  compounds which were id e n tif ie d  with
th ree  of the four possib le isomeric /3-decalols:

tran s  /3-decalol, mp. 53° (probably 2a-ol)
tran s  /3-decalol, mp. 75° (probably 2e-ol)
c is  /3-decalol, mp. 105° (probably 2e-o l)

The i s o l a t i o n  o f  c i s  mp. 105° and t r a n s  mp. 75° was a c h ie v e d  by

*)  I am g r e a t l y  o b l i g e d  t o  Mr* L . J .  Dukker  f o r  t h e  v e r y  v a l u a b l e
a s s i s t a n c e  h e  r e n d e r e d  i n  c a r r y i n g  o u t  t h e  r e q u i r e d  g a s
l i q u i d  c h r o m a t o g r a p h i c a l  a n a l y s e s .
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a com bination of d i s t i l l a t i o n  and c r y s ta l l iz a t io n  procedures.
D i s t i l l a t io n  through a ringpacked column of 1 m length  (Todd-
column) gave fra c tio n s  b o ilin g  in the range 112-125°/18 mm.

F ractions 112-116°/18 mm contained tra n s  mp. 53° as th e  p r in 
c ip a l component. A c ry s ta l l in e  a lcoho l was not iso la te d  how
ev e r, but th e  m ixture o f isom ers was oxid ized  d i r e c t l y  to
/3-decalone.
F ra c tio n s  116-120°/18 mm y ie ld ed  c r y s ta l l in e  tra n s  mp. 75°
which was p u rif ied  by repeated c ry s ta ll iz a tio n  from l ig h t  pe
troleum . F raction  120-125°/18 mm y ielded  c ry s ta l l in e  c is  mp.
105°; th i s  a lcoho l a lso  c r y s ta l l iz e d  from the  d i s t i l l a t i o n
re s id u e .
The mixture of c is  and tra n s  /3-decalone obtained by oxidation

of fra c tio n s  112-116°/18 mm was fu rth e r separated . Repeated d is 
t i l l a t i o n  through the Todd column and f in a lly  through a spinning
band column y ie ld ed  tr a n s  /3-decalone, n^0 1,4824-1,4826. The
p u rity  of th is  product was checked by gas liqu id  chromatography;
samples of lower re f ra c tiv e  index were found to  contain im purities.

Oxidation of tra n s  /3-decalol mp. 75° or tran s  /3-decalone gave
a m ix ture  o f  t r a n s  cyclohexane 1 ,2 - d ia c e t ic  a c id  and t r a n s
cyclohexane 1-propionic, 2-carbonic acid . The d ia c e tic  acid  could
be e a s ily  p u rified  by repeated c ry s ta ll iz a tio n  from water.

R esolu tion  of th e  ac id  in to  i t s  o p t ic a lly  a c tiv e  components
was achieved by treatm ent with cinchonidine-base; o p tic a lly  pure
(+) t ra n s  cyclohexane 1 ,2 -d ia c e tic  ac id  was obtained a f t e r  r e 
c ry s ta l l iz a t io n  (5x) of the  cinchonidine s a l t .  Upon ac id ify in g
the  mother liquor the le ss  soluble racemic compound p rec ip ita te d .
The remaining ac id  was ex trac ted  with e th e r a f te r  separa ting  of
th e  p r e c ip i t a t e .  The e th e r  la y e r  was e x tra c te d  w ith  a sm all
volume of sodium hydroxide s o lu tio n s . I t  y ielded  (-)  d ia c e tic
ac id  in  an o p t ic a l ly  impure form. This ac id  was t r e a te d  w ith
brucine-base and thed iastereom eric  acid s a l t  slowly c ry s ta lliz e d
from th is  so lu tion .

P y ro ly s is  o f cyclohexane d ia c e tic  ac ids with a c a ta ly t ic
amount Ba(0H)2 y ie ld s  /3-hydrindanones. Trans cyclohexane 1 ,2-
d ia c e tic  acid  [a ]D =+47,6 ( l i t . :  48.2) gave r is e  to  the (-)  ke
tone w ith which the  described  ro ta t io n  and c ir c u la r  dichroism
measurements were performed.

L I T E R A T U R E
1) H ückel W., Sachs M. ; Ann. 518 , 182 (1935).
2) B a r r e t t  J .W. ,  L in s te a d  R. P . ;  J.C hem .Soc. 1069 (1935).
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SUMMARY.

Measurement of optical rotatory dispersion offers unique infor
mation regarding molecular geometry and electronic structure,
not obtainable with optically inactive compounds.

In the application of the general quantummechanical formula
for the rotational strength to specific molecular models the
consequent use of the time derivative of the electric moment
operator in the calculation of the electric transition moment is
of definite advantage. If approximate wave functions are used in
the calculation of the electric and magnetic transition moments
the errors involved will be similar. Moreover, if the wave func
tions are expressed as linear combinations, a splitting in par
tial moments results. Thus, the use of molecular orbitals in
L.C.A.0.-approximation leads to the introduction of bond transi
tion moments and corresponding transitional bond orders.

Optical rotatory dispersion is measured of a number of steroids
as examples of homonuclear dienes. From the measurements it
appeared that the longest wavelength transition in the diene
system is responsible for most of the optical activity in the
near ultraviolet. The rotational strength of this transition is
calculated theoretically for a diene system with twisted carbon-
carbon bonds. The result is correct as to the order of magnitude
but individual differences appeared difficult to account for.

An extensive study was made of a ketone (/3-hydrindanone).
Ultraviolet absorption spectra and rotatory dispersion spectra
are recorded with solvents of different polarity. Circular
dichroism is measured with isooctane as solvent. It is also obtained
from therotatory dispersion by application of the Kramers-Kronig
relations. The g-factor is not constant in the band, but the
band is described as a superposition of two bands with a constant
g-factor each. The longest wavelength band shows pronounced fine
structure. This could be identified as a progression in the
carbonyl stretching vibration. The experimental estimate of the
magnetic transition moment is at least twice as large as that
calculated theoretically. Probably the larger part of the elec
tric transition moment is directed along the axis of the carbonyl
group. The origin of the electric transition moment is discussed
qualitatively.
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SAMENVATTING

De bepaling van de dispersie van de optische rotatie is een
methode van onderzoek, die gegevens kan verschaffen over de geo
metrie en de electronenstructuur van optisch actieve verbin
dingen.

In de interpretatie van de rotatiedispersie heeft het quantum-
mechanische begrip rotatiesterkte een centrale plaats gekregen.
Bij het uitwerken van dit begrip op basis van een bepaald model,
met name bij de berekening van het electrisch overgangsmoment,
heeft een consequente toepassing van de tijdsafgeleide van de
operator van het electrisch moment voordelen. Het blijkt onder
meer mogelijk bij gebruik van moleculaire golffuncties, die
lineaire combinaties van andere golffuncties zijn, het electrisch
en magnetisch overgangsmoment te splitsen in partiële momenten.
Op grond van een dergelijke splitsing werden in de L.C.A.O.-be
nadering overgangsbandmomenten en daarmede verband houdende
overgangsbandorden ingevoerd.

Van een aantal steroïden met een homonucleair dieen-systeem
werd de rotatiedispersie gemeten. Uit de metingen volgt, dat de
electronenovergang in de dieengroepering verantwoordelijk is voor
een aanmerkelijk deel van de optische activiteit in het nabije
ultra-violet. De rotatiesterkte van deze overgang werd berekend
voor een model van een dieen, waarbij de banden tussen de kool-
stofatomen getordeerd zijn. Hierbij werd gebruik gemaakt van de
mogelijkheid de overgangsmomenten te splitsen en de berekening
te vereenvoudigen door te werken met de genoemde bandmomenten en
bandorden. Het resultaat van de berekening gaf naar orde van
grootte een redelijke overeenstemming te zien; individuele ver
schillen daarentegen bleken moeilijk te verklaren.

Een uitgebreide studie werd gemaakt van een keton (/3-hydrin-
danon). Ultra-violet absorptiespectra en rotatiedispersiespectra
werden bepaald in oplosmiddelen van uiteenlopende polariteit.
Circulair dichroisme werd gemeten in isooctaan als oplosmiddel.
Bovendien werd het circulair dichroisme berekend uit de rotatie
dispersie door gebruik te maken van de Kramers-Kronig relaties.
De g-factor is niet constant over de band; de spectra in absorp
tie en circulair dichroisme kunnen worden beschreven als een su
perpositie van twee banden, ieder met een constante g-factor. De
langgolvige band vertoont uitgesproken fijnstructuur en kan ge
ïdentificeerd worden met een progressie in de carbonyl-rekvibra-
tie. De waarde van het magnetisch overgangsmoment, berekend uit
de spectra, is minstens 2x zo groot als de waarde, die theoretisch
berekend werd. Het electrisch overgangsmoment is waarschijnlijk
evenwijdig aan de as van de carbonyl-groep. Het mechanisme van
het ontstaan van het electrisch overgangsmoment werd kwalitatief
besproken.
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Organische Chemie, aanvankelijk als candidaat-assistent, la ter
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aan de Nederlandse o rgan isatie  voor zuiver-w etenschappelijk
onderzoek als medewerker van de Hoogleraar Dr L.J. Oosterhoff.
Hierdoor werd ik in s taa t gesteld onderzoek te  verrichten over
de optische a c tiv ite it  van organische verbindingen en een facet
van d it gebied voor een proefschrift te  bewerken.
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S T E L L I N G E N

1. Ter verklaring van de fotochemische reductie van aromatische
ketonen tot pinacolen verdient het mechanisme, gegeven door Pitts
e.a., de voorkeur boven het door Cohen en Boeseken gepostuleerde
mechanisme.

J.N. Pitts, R, Letsinger, R.P. Taylor,
6. Rechtenwald en R. Martin; J.Am.Chem.Soc.
81, 1068 (1959).
W.D. Cohen, J. Boeseken; Ree.Trav.Chin. 39,
243 (1920); 40, 433 (1921).

2. De argumentatie, die Cilento geeft ten gunste van een decet-
structuur bij de zwavel in mercaptanen, is aan bedenkingen
onderhevig.

0. Cilento; Chen.Revs. 60, 147 (1960).

3. Op basis van de gewoonlijk aan pyrocalciferol en isopyrocal-
ciferol toegekende structuren, is geen bevredigende interpre
tatie mogelijk van de aan deze verbindingen gemeten draaiing
en draaiingsdispersie.

J. Castells, E.R.H. Jones, 6.D. Meakins en
R. Williams; J.Chem.Soc., 1159 (1959).
dit proefschrift, Hfd. III.

4. De veronderstelling, dat de structuur van een halfgeleidend
ladingsoverdracht-complex van een aromatische verbinding met
jodium is opgebouwd uit een regelmatige stapeling van jodium-
atomen met op interstitiele plaatsen de aromatische moleculen,
is onvoldoende gefundeerd.

H. Akamatu, Y. Matsunaga en H. Kuroda; Buil.
Chem.Soc. Japan 30, 618 (1957).



5. Het voorkomen van de natuurlijke polynucleotiden in L-helices
kan begrepen worden als uitsluitend gevolg van de aanwezigheid
van optisch actieve centra in de elementaire bouwstenen.

P. Doty, H. Boedtker, J.R. Fresco, R. Hasel-
korn en M. Litt; Proc.Nat.Acad.Sc 1.U.S. 45,
482 (1959).
W. Hondius Boldingh, Proefschrift Lelden
(1960).

6. Het door Bennema e.a. gegeven beeld van het ontstaan van po
sitieve ionen van aromatische verbindingen door bestraling
in boorzuurglazen, behoeft een nadere verklaring.

P. Bennema, G.j. Holjtink, J.H. Lupinskl,
L.J. Oosterhoff, P. Seller en J.D.W. van
Voorst; Mol.Phys. 2, 431 (1959).

7. Indien men uit spectroscopische metingen aan moleculen in op
lossing moleculaire grootheden wil afleiden, kan bij polaire
oplosmiddelen een model voor het werkende veld, dat structuur
in de oplossing verdisconteert, van belang zijn.

8. Het verdient aanbeveling ook chromatografie als analysemethode
in de Pharmacopee op te nemen.

9. De wet van Parkinson is ook geldig voor de organisatie van
inrichtingen voor wetenschappelijk onderwijs en onderzoek.

C. Northcote Parkinson, Parkinson’s Law or
the Pursuit of Progress. John Murray, London
(1958).
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