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Abstract—Duta oa the electronic spectra of conjugated diencs di-substituted with saturated hydrocarbon chains of
incressing length have been collected from the literature. One aspect of these spectra, the fact that the absorption
maximum for a cis—cis compound lics at longer wavelengths than thet for the corresponding trexs—trans, has
received some attention in the literatwre, but no quantitative explanation of the observation has been offered. A

second fact, that increasing substituent

results in a steady shift of the

absorption maxima to

chainleagth
long-waveleagth limits of ~ 235 nm for cis—cis, ~233 am for cis-trens and trens—cis and ~ 231 for trans—trans,
appears to have gone unremarked in spite of the fact that, as a result, Woodward's rules are not obeyed by such

Quantitative interpretations of both these phesomena are described.

During a study of the rearrangements of prostaglandin
dienes, we assembled data from the literature for the UV
absorption maxima of long-chain dienes and noted the
poor correspondence of the reported values with those
predicted by Woodward's rules.' No mention is made of
this phenomenon in the standard texts® and, since these
rules are widely used, we were interested in the extent
of, and the reason for, the discrepancies. We therefore
collated the literature values for dienes of differing chain
lengths by searching “Organic Electronic Spectral
Data™ under appropriate molecular formulae.

As might be expected, there are erroneous, or at least
highly suspect, values in the literature. The variations in
wavelength maxima sought are not very large and the
instrument-to-instrument variation even amongst pro-
fessional users is often considerable, as collaborative
trials have shown.® In general only those values bave
been chosen where comparative wavelength maxima
have been reported, and where these is evidence of the
purity and stereochemistry of the samples. It is hoped
that the choice of values recorded in Table 1 and Fig. 1
has not been too subjective, but if all the values had been

included it would merely have increased the spread of

Two aspects of Fig. 1 require an explanation. Firstly,
there is the fact that the cis—cis-dialkyl-s-trans dienes
absordb at longer wavelengths than the corresponding
trans—trans isomers; the cis-frans isomers lying be-
tween these two extremes. Secondly, there is the general
shift to longer wavelength with increasing size of sub-
mlem' and the consequent failure to obey Woodward's

8.

These phenomena have been noted by others and, in
particular, Crombie’ proposed what we believe to be the
correct explanation of the longer wavelength absorption
of the cis—cis isomers as compared with the trans—trans.

However, Crombie did not quantify his interpretation
:ndithp.beenntw,wnﬂyhaedmdnmuwve

we must briefly describe the alternative explanation put
gmudbyFabcs‘lndexplinwhywebeﬁevehmbe

The mesomeric effect of a substituent upon the clec-
tronic spectrum of a w-electron system may be written in
the form of eqm (1).*
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Table 1. Wavelengths of maximum absorption, extinction cocflicients and molecular weights for conjugated dienes
r~CHeCH-CH=CH-R:

of the form: R
R, B, M.¥t. Conf, Jmex/om € max Bolvent r::::
1 1 B 54 - 217 20,900 Xt08 s
2 ‘CHy B , 68 - 23,5 22,900 EtOH )
3 CHy CEy 82 tt 227 22,500 Et0H e
& OHCE, OH, 98 oo 2% 14,700 BtOH a
5 ce 2n 16,850
ot 229 19,800
ot 229 22,100
te 230 23,500
to 229.5 21,450
tt 227 24,500
tt 227 25,500
[ OHOH,, OB, 98 oo 23 16,850 Et0R .
ot 229.5 23,100
te 229.5 21,450
tt 228 25,400
2 08CH, OHCH, M8t 229 31,000 EtCH
8 CH3CHOHOH OHy 126 tt 229 28,400 BtoH
9 OHOH, n-Ogly4 154 oo 233 20,000 0l g
ct 232 24,000
te 232 22,100
tt 230 30,600
10 OB,00,0B, 00,8, 168 to 233 19,000 EtoH h
tt 28 17,000
1 CE,000H, n-0H,g 24  to 233 19,000 Bo0H n
tt 229 14,000
a2 BOO 0B,  ©-Ogiy, 2% oo 235 Oglas 1
ot 233
te 233
tt 229 ,
13  OH0008, n-Cgl,, 238 oc 2 29,000 0.8, 1
ot 21.5 29,000 Ogl,,
te 21.5 27,000 Oghyp
tt 229 28,000 OgH,,
13 OpE00,(CHy), Ofy 238 ot 2% 25,20  EwoE
tt 228 27,200
15 OH(CEy)g n-Cifl, 258 oo 235  27,%0  FwE 3
ot 232, 26,200
to 232,5 26,800
tt 2%0.5 3,500
1§  OH(CH)g n-Guf, 28 oo 2%  2,5%0 KXk
ot 233 26,000
to 234 26,300
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Tabie 1. (Contd)

tt 2%0.5 32,000

a2 cn,ooa(cnz)s 2-0,8, 266 co 236 28,000 BtoR x
ot 233 26,000
to 233 25,000
tt a0 32,000

18 BCO,(CH;),  n-Cglyy 280  to 232,5 2a,360"  Btom 1
tt 23 31,500

19 BOO,(CRy)g  n-CgHyy 20 ot 232 26,600 EtOF 1
tt 21 32,200

20 OHCEN(CHy)  n~Collyq 282  tt 23 19,360 EtOE =

CHOE

21 czuscozccnz)e n-csn.“ 204 cc 235 28,100 EtOB n
ot 21,5 —

2 WO0y(CH)g  CHy(CH)y 296 ¢t 23 EOR  f

CBOH
23 CE,005(CE;), ©-Cghy, 30t 231 27,900 Et0OH @ ®m

CHOH

K. Bowden, E. A. Braude, E. R. H. Jones and B. C. L. Weedoa, J. Chem. Soc. 45 (1946). *E. A. Braude and C.
1. Timmoes, J. Chem. Soc. 2007 (1950). “E. B. Bates, E. R. H. Jones and M. C. Whiting, J. Chem. Soc. 1854 (1934).
‘L. Crombie, S. H. Harper and R. J. D. Smith, J. Chem. Soc. 2754 (1957). (measurements made on samples

WMM)'A.MB.WdK-G.Zﬂ‘,M Ber. 88, 1185 (1955). 'R. L.

systhosised

Lohmar, C. R. Smith and T. L. Wilson, J. Org. Chem. 25, (lm-LmJausx 1007 (1955). *W.
D. Colmer and L A. Solomons, J. Am. Chem. Soc. 75, 3430 (1953). 'J. o.lndh.l.A.lnlandR.I.m
J, Org. Chem. 35, 3152 (1970). A. Butensadt, E. Hecker, M. Hopp and W. Koch, Azz. Chem. 658, 39 (1962).*E.

Troscheit and E. Eiter, Ax. Chem. 688, 65 (1962). (The acids corresponding to the coters gave ideatical results.) 'P.
L. Nichols, 8. F. Herb and R. W. Riemenschacider, J. Ant. Chem. Soc. 73, 247 (1951). (Data estimated from Fig. 3.
+ This material was stated to be impure.) "C. R. Smith, T. L. Wilson, E. H. Melvin and 1. A. Wolff, J. Am. Chem.
Soc. 82, 1417 (1960). "R. R. Allen, J. Org. Chom. 21, 143 (1956).

stituent group, Me in the present case. 8 is the resonance  Clearly, the wminpuemhuado change on
integral between the w-symmetry orbital of the Me group  changing the of substitution, and we may esti-
and the 2p orbital of the C atom to which it is attached. maté the magnitude of * effect, AEr, by consider-

§

chu/NM

235

230
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ing changes in C.’B* on going from a conventional
pocmonoflubmumontoﬂntypeolmtaamnenm-
aged by Forbes; i.e. eqn 2)

AEJAEr =C,7B,%Cs’Br" ~ B.%IBr". @

In order to estimate the ratio of B, to Sr two relation-

ships between § and internuclear distance, d, are used,
eqns (3)° and (4)."

B = —61.753 exp (- d0.3727)
B =~ 17.464/d".

3
@

In these equations d is to be eutered in A and B is
found in eV. As an estimate of d for Forbes’ interaction,
we take the distance from the Me carbon to carbon stom
2 in structure 1 and obtain, using eqns (2) and (3),

AE,[AEy =~ (20.2)* ~ 408
and using eqns (2) and (4).

AE,/AEp ~(31.5)* ~ 1406.

can estimate the spectral shift caused by such a twisting
in the following way:

Symmetry requires that the form of the w-electron
molecular orbitals, ¥, of s-trans-butadiene be written as
follows in terms of carbon 2p, atomic orbitals, ¢,..

R. Ouavtee and T. L. TERELFALL

Vo= 0d: — by +bes— ads b,
$3=bd1—ad1— s +bde s
$2=bd1+ a2~ s~ b by
$1=2d; +béy+bds + ade a6

The orbitals are classified with respect to the point
symmetry group Ca. The values of the coefficients a and

- b do not vary widely with different levels of MO theory.

Thus a self-consistent field calculation by Kon' gives
a=0.4397 and b = 0.5538 whilst the Hickel orbitals have:
a=0.3718 and b =10.6015.
'lhelove:tewzynndetcxmedmteuobhmedby
promoting an electron from ¢, to ¥s, 'xs mduofB.
mmcmmmmnmmum .
The effect of steric distortion upon the energies of these
transitions may be asscssed by use of eqn ()

E=3Che +3 ZCuCib )

» Nty

mwmm&mmmmwm
and B, are core integrals.” Assuming that a, is the
same for all 4 and B,., = 0 when y is not bonded to » we
obtain eqn (6)

AEy; = Es— E; = — 8abf;; + 4280 ©

in which we have used the fact that 8,2 = B, AE,, is not
mwaﬂmmmmwwm
excited state ‘x,’, there are significant electron-repulsion
terms which are not included in equ (6). However,pm-
vided that any steric distortions are suficiently small that
the atomic orbital coefiicients a and b may be considered

to be unchanged by them, the change in brought
sbout by twisting through an angle 4, may be
expressed by means of eqn (7)

AAES; = AEx (0 = 0) - AEx(0 = 6). m

S, may be taken to be proportional to the cosine of the
wo‘m.n(ms):

Br. =B}, cos ®

so that AAES, is given by eqn (9) for a simultancous
twisting of bonds 1-2 and 34, and by eqn (10) for the

Tabic 2. Calculated shifts of the longest-wavelength diene absorption band for varying angles of twist of the formal

. of.tmt/ “352/07 Shai?n n:ron Bux’.-poution/
4] ] 0 227
2.5 0,005 0 227
5.0 0.021 1 228
7.5 0.048 2 229
10.0 0.085 LS 23
12.5 0.133 [ 233
15.0 0.191 8 235
17.5 0.260 1" 238
20.0 0.3% 15 02
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twisting of the central bond, 2-3.

AAF, = 8abS:(cos 0 - 1) ®)
AAES, = 42?831 - cos 8). (10)

AAES, is also given by eqn (9) for 1-2 and 3-4 twisting.
For 2-3 twisting it is given by eqn (11).

AAES, = 4b*8%(cos 0 - 1). an

Equhom@)—(ll)mplyexpmmwmnvefom
well-known result

to decrease for 1-2 and 3-4 twisting but to increase for
2-3 twisting. AE.,, too decreases for 1-2 and 3-4 twisting
and it is also decreased by 2-3 twisting. Since 'x,® will
mkeahmrcontribuuonwthelowm-ewgyexawd
state than 'y,*, whilst the coefficient b is greater in
magnitude than a, the effect of twisting the central bond
on the energy of the long-wavelength absorption band
will be rather finely balanced and we do not expect 2-3
twisting to veamﬂcmteﬂectondnencspecmfor
small

dmhonndaqmnmtm

and trans—trans isomers. We also note that twisting of
the formal double bonds, by lowering the overlap be-
tween the carbon 2pw atomic orbitals at either end of the

It would make our explanation of the spectral
differences between cis—cit and trans-trans isomers
more convincing if other evidence for the twisting of the
formal double bonds could be obtained, and there is such
evidence. Crombie® noted that the C=C stretching bands
of methyl decadienoates move to lower frequencics on
going from frans—trans, through cis-trans and trans-cis,
to cis—cis, which implies a weakening of the C=C bonds
in this series. Sxmﬂnmuhswmtoundfoﬂhep-
bromophenacyl esters.’ Bacon and Maciel'® have inter-
preted the proton NMR spectra of alkyl-substituted
butadienes in terms of such an effect, together with an
in-plane deformation. We discount the possibility that
the spectral shifts discussed above could be caused by
in-plane deformations, even if small distortions of this
type are present, since much Iarger in-plane than out-of-
plane movements would be necessary to cause appreci-
able changes in w-electron

energy.
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groups of isomers we now turn our attention to the
behaviour of the diene absorption with increasing size of
substituent group. Each type of isomer shows the same
behaviour, the absorption maximum shifting to longer
nvdewhanthekmho(thembmmchmm-
creases. This behaviour, which is contrary to Wood-
ward’s rules, does not proceed indefinitely however; the
curves approach asymtotes at ~235am, ~233nm and
~231am for the cis—cis, cis-trans and trans—cis and
trans-trans isomers respectively.

It is tempting at first sight to seek "an explanation of
this phenomenon in terms of increasing steric hindrance,
but on closer examination this explanation secems un-
likely for two reasons. Firstly, it appears unreasonable to
assume that steric hindrance will continue to increase as
a straight-chain hydrocarbon substituent is augmented by
-CHy- groups beyond n-propyl. Secondly, if our dis-
cussion above has any substance, then the cis—cis series
would be expected to behave differently from the trans—
trans if steric hindrance were the essential factor. In
fact, however, the curves for the two series of isomers
mcbselymﬂeLWetbereforenedectslemhm—
drance as an interpretation of the shift to longer
wavelength with increasing substituent chain length, and
seck the explanation in terms of the weak and slowly

- attenuating mesomeric effect of the substituent groups

on the dienc spectra.’*

We take s our starting point eqn (12) in which the
wavelength of maximum absorption, A, of a symmetric-
ally disubstituted diene is expressed as 217 nm, the value
o“fon-m-wudm,pluslhemohm
progression.

A =217+ 2;..:*-' 1

aff indicates the conformation of the diene and m is the
number of Me or methylene groups in each of the two
saturated chains attached to the diene, i.c. there are 2m
Me or methylene groups in total.

For 1 4-dimethylbutadiene, for example, m = { and

Aa=2l7+&-mm

giving ax = 10nm in accord with Woodward’s rules. r,
which does not depend upon the conformation of the
diene, represents the factor by which the effect of the
Me or methylene group upon A attenuates as the group
moves further away from the diene unit. It must there-
fore be less than unity and we can consequently express
the asymptotic limit of A.s, Aus(), by means of eqn (13)

A (@) =217 +a,l(1-1). (13

&mwehavetheedxﬂmntvﬂuaofh(w)we
clearly require three different values of a.. Alter-
MVer might fix a., and chose different values of
1, but this would imply that the transmission of the effect

onthcapectrumdnon;hnmeﬂlylenemnm
thednenuysteuuddmfordﬂmnt
of

is possibility
lnadettodaemmea..mdrweﬂmmdertheu
series for which we have most data and a rather definite
indication (Fig. 1) that Au{(x) =231 nm. Wenowchoooe
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Table 3. Wavelengths of maximum sbeorption, calculated using eqn (12), for conjugated dicnes of the form:
R-CB=CH-CH=CH-R

o R M.Wt, A(cc)/n- A(ct.tc)/nn X(tt)/nn
) 54 217 217 217

1 CHy 82 227.3 226.1 225
2 (0Hy)E 110 231.7 230.1 228.4
3 (0!!2)58 138 233.6 231.7 229.9
4 (CHp).HE 166 234.4 232,5 230.5
5 (CEy)sE 194 2348 232.8 230.8
6 (CE,)¢B 222 234.9 232.9 230.9
7 (CEy)A 250 235.0 233.0 "231.0

Value of ‘atp /nm 10.3 9.1 8.0

Value of r 0.429 0.429 0.429

to the data for ## compounds absorbing at shorter
wavelengths is obtained with eqn (12).

The intermediate region raises problems in so far as
the molecules for which we have data represent a wide
variety of chain lengths, and groupings etc (Table 1). We
have therefore used the simple property of molecular
weight as abecissa. This procedure gives value of ae =
8.0nm and r=0.429, Substitution of this value of r into
eqn (13) with the experimental results for A.(=) = 235 am
and Ao{(%) = Ay(®) = 233 nm gives values of a,. = 103 nm
anda..-a..=9.lnm.'l‘heoonﬁnmﬁnuinl7'u,ljoin
the points calculated for the above values of the
pmetenl..lndrforthecompoundshmdmhbk

'lhemultlmyahobeuufunyinmmtedbym
of the following diagrams. The figures above each
methylene or Me group give that part of the spectral
shift, in nm, to be attributed to that particular group in a
symmetrically disubstituted s-trans-butadiene. Since the
other chain makes an identical contribution, the total
observed shift is given by the combined sums of the
figures for the two chains.

It is interesting to compare the value of r with a result
due to Jaffé for the transmitting effects of alkyl groups as
measured by the Hammett relation.'” He states that
these average 0.410 for -CH,~ and 0.206 for ~CH,CH;-;
figures which might be compared with 0.429 and

(0429 =0.184 of the present work. This close
agreement with Jaffé’s independent asscssment, and the
way in which the theoretical lines in Fig. 1 reflect the
general trend of the experimental data provide strong
confirmation that our interpretation of the basic
phenomenon is coerect. At this point we should perhaps
reiterate that, aithough we have discounted the effect of
mhmd:muﬂnmmonhemduhm
of diene wlthmum.wbmmentcham-
length for the molecules discussed here, we recognize
the dominant role which steric hindrance plays in many
aspects of the spectroscopy of polyenes. We believe that
in general the electronic effect to which we have drawn
attention in the second part of this paper must be com-
bined with steric effects, such as that discussed in the
first part, in any interpretation of the UV spectra of such
systems. Thus the quantity a., which we have used is a

H H cis—cls
s.2 22 0 o4 02 0.0
——— CHg — CHg — CHgq — — CHg — CHy
R —
H H
H
_ cis-frons ond trons—chs
R LY ] 2.0 o.e 0.4 o.18 0.08
H CHy — - CHy— CHy— CHy; — CH,
R H.
- H frops—frons
H — 4.0 L7 o8 oOF o0 0.08
H CHy — CHp— CHy— CHg— CHg— CHj

Stracture 2
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composite parameter, and the values which we have
determined for it reflect both a steric and an electronic
(mesomeric) component. We therefore expect that for
other positions of substitution, for example, the value of
a.s Will change for both steric and electronic reasons.
The parameter r, on the other hand, is purely electronic
and is expected to be transferable within n-alkyl chains.
In conclusion, in view of the continuing interest in
Woodwud'srulesandthespewaofpolyem,‘rlﬁ-
cularly in connexion with conformational analysis,”™"* it
appears worthwhile to record the following observations.
Firstly, trends very similar to those noted above are
found in a wide variety of similarly di-substituted dienes
which could not be included in the analysis because they
absorb at much longer wavelengths on account of fur-
ther conjugation, frequently to a carbonyl group. The
following papers are of interest in this connexion;
Crombie,” Elvidge et al.,® Allan et al.*' Wailes™ and
Fegiey et al.®

Mono- and poly-substituted dienes, trienes®™ and
tetraenes® also appear to show similar trends in their
spectra, but insufficient data for a meaningful general
analysis were found. Furthermore, pol i
compounds are those most likely to show A values
influenced by both electronic and steric factors, thus
making interpretation particularly dificult. For example,
}huil:mia:Lt”weﬂbethemwiththedaurcportedby
ia et

'R. B. Woodward, J. Am. Chem. Soc. 64, T2 (1942).
25, ). Jafté and f Ultraviolet
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Ultraviolet Spectra of Naturel Products. Pergamon, Oxford
(1962); “A. E. Gillam snd E. S. Stern, Ax Introduction to

Spectrometry Group Bull. 16, 441 (1965).
L. Crombie, J. Chem. Soc. 1007 (1955).
. F. Forbes, R. Shilton and A. Balasubramanian, J. Ory.
29, 3527 (1964).
2s.
A 222,
. C. Longuet-Higgine and L. Salem, Proc. Roy. Soc. A251, 172

1959).
Kon, Bull. Chem. Soc. Jepen 28, 275 (1955).
, p. 109,
p- 385.
wiliken, J. Chem. Phys. 7, 20 (1939).
p. 150.
and G. E. Maciel, Mol. Phys 21, 257 (1971).
. 2b, Chap. 10.
Jal€, Chem. Revs. 53, 191 (1953); J. Chem. Phys. 21, 415

Alinger and J. C. Tai, J. Am. Chem. Soc. 99, 4256 (1977).
ors . L. ARlinger, Ibid. 108, 1068 (1978).
i . Linstead, P. Sims and B. A. Orkin, J. Chem.

E. R. H. Jooes and M. C. Whiting, Ibid. 1862,

Austral. J. Chem. 12, 173 (1959).

, N. M. Bortaick, C. H. McKeever and F. B.
9, 4734 (1957).

in, J. Chem. Soc. 1632 (1957).
Ann. Chemie 608, 195 (1957).
Jooes and M. C. Whiting, Chem. & Ixd., 928
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