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Abstract: Ab initio molecular orbital and perturbative configuration interaction calculations are reported for allene (1). The 
vertical electronic transitions are found to be in the order 1Ai -» 1A2 (TT -» TT*) < 1Ai -»• 1B2 (TT -*• TT*) < 1Ai -* E (TT —• 3s) 
< 1A, — 1B2(Tr^-IT*) < 1A, -^21E, 2^! ,2 '8 ! ,2 1 A 2 (Tr -3p) < 1Ai - 3 1 A i (TT ->• ir*). The calculated excitation energies 
agree well with the band positions in the vacuum ultraviolet spectrum. The 1B2 (TT -» TT*) state is found to have appreciable 
Rydberg character whereas the other TT —* TT* states are valence-like. Stereochemical arguments are presented in support of 
chirally distorted 1 as a model for 1,3-dimethylallene (2) and 1,2-cyclononadiene (3). In accordance with expectations based 
on the dynamic coupling theory, the optical activity of 2 is found to arise from asymmetry in the vibrational motion and the 
signs, temperature dependence, and solvent dependence of the CD spectrum can be rationalized by appropriate time-averaged 
distortions of the chromophore. In the same manner, the CD spectrum of 3 is explained by static distortions of the chromo-
phore imposed by the constraints of the ring. In the spectrum of both (/?)-(—)-2 and (R)-{+)-3, the first band corresponds to 
7T -* TT* (1A1 -»

 1A2 of 1) and the positively signed rotational strength arises as a consequence of a bend at the middle carbon 
of the cumulated 7r system. The optical activity of the second and third bands is expected to be a consequence of the splitting 
of the TT —* 3s transitions (1A1 -» E of 1) caused by a twist of one end of the chromophore relative to the other. 

I. Introduction 

As the parent of many textbook examples of chiral molecules 
which do not have asymmetric carbon atoms, allene (1) has 
been the subject of many attempts to elucidate its electronic 
structure. Calculations by semiempirical2-6 and ab initio7-8 

methods are in agreement only on the order, A2 < B) < B2, for 
the singlet states which arise from TT —- TT* excitations. Of 
these, only the last, 'B2, is accessible from the ground state by 
an electric dipole allowed transition which lies in the vacuum 
UV region of the spectrum.9-10 Numerous transitions to 
Rydberg states have been identified experimentally9-11 and 
analyzed theoretically,12 but ambiguities in assignments 
abound. 

The origin of the optical activity of allenes has been dis
cussed many times.6-13~16 Lowe13 has proposed a sector rule 
based on Brewster's concept of helical distribution of group 
polarizabilities,15-17 to predict the sign of rotation at the D lines 
of sodium. Lowe's rule correctly correlates the absolute con
figurations of many chiral allenes, including (/?)-(—)- 1,3-
dimethylallene (2),18-19 with their signs of optical rotation at 
the sodium D lines, but fails in a few cases, most notably in the 
case of (7?)-(+)-cyclononadiene (3).20 Crabbe et al.16 have 
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shown that a sector rule like Lowe's can be derived by a static 
coupling mechanism. Perturbation of the magnetic dipole al
lowed 1A1 —• 1A2 transition by partially screened nuclei of 

substituents allows admixture of the electric dipole allowed 1A 
-» 'B2 transition and gives rise to a Cotton effect of the same 
sign as the rotation observed at the sodium D lines. The static 
coupling mechanism predicts that there should be an accom
panying CD absorption of opposite sign at the site of the 1A] 
—»• ' B2 transition. 

Crabbe et al.16 have shown that application of the coupled 
oscillator model of Hohn and Weigang21 leads to the correct 
prediction for 3. In this dynamic coupling model, the magnetic 
moment of the 1Aj - * 1A2 transition couples with transient 
electric dipoles induced in the substituents by the radiation field 
to produce optical activity. The coupling is governed by the 
coulombic potential between the induced electric dipole in the 
substituent and the leading electric multipole of the 1A1 ->• 1A2 

transition of the allenic chromophore, the latter being an oc-
topole. An interesting consequence of the dynamic coupling 
model is that the 1Ai -* 1A2 transition of 2 exhibits circular 
dichroism largely by virtue of the fact that vibrational motions 
move the axially symmetrical methyl groups out of the nodal 
surfaces of the 1A1 -* 1A2 transition octopole. 

We present below a rigorous analysis of the lower singlet 
electronic states of allene and propose an explanation for the 
circular dichroism (CD) spectra of 2 and 3 which largely 
corroborates predictions based on the dynamic coupling model 
and invokes an important role for the Rydberg TT —>• 3s tran
sition. 

II. Theory 

The theoretical method employed in the present study has 
been described in detail elsewhere.22 Only a brief resume is 
given below. Partially correlated wave functions for the ground 
and excited states of the molecular system are determined to 
first order by Rayleigh-Schrodinger perturbation theory. 

* . s * , ° - D r f (i) 
i 

where 

Here, H is the exact electronic Hamiltonian operator, $j° is 
a spin-adapted (singlet) configuration constructed from one 
or more electron replacements in the Hartree-Fock SCF de-
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Table I. Excitation Energies, Oscillator Strengths, and Optical Rotatory Strengths for Allene in the Did Geometry 

state 

IA2 (2e -»• ne; x - * ir*) 
IBi (2e-»• ne; TT-* x*) 
IE (2e -* nai; x - * 3s) 
1B2 (2e — ne; x -» ir*) 
2E (x — 3pb2) 
2A,; 2B, (7r-*3pe) 
2A2 (x -» 3pe) 
3A, (2e -> ne; x — x*) 
3E(x-*3da,) 
2B2(x-»3pe) 
4E;5E;3B,;3A2;4A, (x — 3d) 
6 E ( x ^ 4 s ) 
3B2(x-*3de) 

excitation 
exptl 

6.72* 
6.72* l.\6c-d 

7.3*'c 

8.03c 

8.15c 

8.20* 

8.37c 

8.58* 

8.58*'c 

8.78* 

energy, eV 
calcd" 

6.49 
6.84 
7.21 (7.04) 
7.88 (6.74) 
8.13(8.87) 
8.15-8.25 
8.25 
8.56 
8.72(8.74) 
8.86(8.10) 
8.91-8.95 
9.01 (10.21) 
9.07 (8.03) 

oscillator 
strength 

/ 

0.0819 
0.3341 
0.0088 

0.0388 
0.0930 
0.0066 
0.0052 
0.5351 

1 

< 
[RY 

±68.5 

±9.9 

±17.0 

±5.0 
±6.1 

rotatory 
strength 

[R]V-AE 

±17.71 

±3.23 

±5.45 

±0.74 
±2.30 

transition moments* 
<*o|r|*„> 

0.4873 
-1.4219 
-0.1430 

0.3009 
0.6846 

-0.1300/? 
0.1014 
1.6496 

<*„|m|*o> 

1.0334 

-0.5532 

-0.2727 

0.2574 

-0.2222 

0.1514/-* 
-0.2379 

" The numbers in parentheses were obtained by the ratio (*o| V| *„)/(*„ | r| ̂ 0 ) . * Reference g. c Reference/;. d See text for discussion. 
e In atomic units. Ai -» A2 and 1Ai -* 1B2 transitions are polarized parallel to the C-C-C bond; Ai -» E transitions are polarized perpendicular 
to the C-C-C bond (only one component given). /IAi — 4E. * <A,|r|5E) = -0.1100, (5EImIlA1) = -0.1192. * <3A2|m^|lA|) = 
0.0555. 

terminant, $HF> of occupied orbitals by virtual orbitals, and 
^„° is in general a linear combination of quasi-degenerate 
$/°(/ ** J) obtained by diagonalizing a small block of the 
complete Hamiltonian matrix after regrouping. The function 
^ n

0 constitutes the "zero-order" part of the wave function and 
the set $y° the "first-order" correction.22 It is assumed that 
doubly or more highly excited configurations do not contribute 
to Vn

0. For the ground state (^0
0 = $HF), the first-order cor

rections, <f>,0, are derived from the space of all doubly excited 
configurations, excluding excitations from the core Is orbitals 
or to the three most highly antibonding orbitals. A consequence 
of the above assumption is that doubly or more highly excited 
configurations may be omitted from the excited-state de
scription as they do not contribute to first order to values of 
transition moments over operators such as the electric dipole 
moment operator jit, the magnetic dipole moment operator m, 
and the gradient operator V, which consist of a sum of the 
corresponding one-electron operators. In atomic units 

M = E rj 

m i j 

V = I V ; 

(3) 

(4) 

(5) 

From the commutator relationship between the position, mo
mentum, and Hamiltonian operators may be derived the re
lationship 

< * O | M | * » > = 
1 

(En — EQ) 
<*o|V|*„) (6) 

Which is true for exact electronic wave functions. The agree
ment between the excitation energy obtained from eq 6 and 
that obtained by the perturbative CI procedure22 provides an 
independent check of the quality of the wave functions. 

A vertical electronic transition between the ground state, 
^0, and excited state, \p„, is characterized by the oscillator 
strength,/on, and optical rotatory strength, [^0n]r, which (the 
latter in atomic units) are given by 

/on = J<*o | V|*n> <*„ |M|*0> (7) 

[*on] r - - /<¥oH*»><*#. |m |¥o> W 
The origin dependence of [R0nY rna-y be removed by substi

tution of eq 6 into eq 8. The resulting expression, described as 
[RF-AE in Table I, is 

[R0n]V-AE= - i<*oM¥ n ><*„ |m |¥o> (9) 

III. Method 
All Hartree-Fock SCF calculations on the allenes were 

performed using the POLYATOM system of programs.23 The 
double f [9s5p/4s -* 4s2p/2s] basis of Dunning24 was aug
mented by a single diffuse s (as = 0.015) and a single set of 
diffuse p (ap = 0.011) functions on each carbon atom as well 
as a full set of d-type Gaussian functions (ad = 0.0118) on the 
middle carbon atom. It is expected that such a basis will allow 
an adequate description of the lower excited singlet valence and 
Rydberg states of the allenic chromophore. 

For the purpose of defining zero- and first-order contribu
tions to the wave functions22 as discussed in the previous sec
tion, a criterion of X = 0.025 was adopted. All configurations 
for which the coefficient Xjn (eq 2) is greater than 0.025 are 
included in ^ n

0 . This choice of X leads to dimensions of the 
order of 100 for the zero-order part of the Hamiltonian ma
trix22 in the present case. 

No geometry optimizations on the ground-state structures 
were performed. The equilibrium ground-state geometry of 
allene was taken from the electron diffraction measurements 
of Maki and Toth25 (C-C = 1.308 A, C-H = 1.087 A, HCH 
= 118.2°). Two deformations from Did symmetry were ex
amined, namely, a bend of the C-C-C skeleton through 10° 
in such a way as to reduce the symmetry to Cj and a twist of 
one end relative to the other through 10°, again preserving Ci 
symmetry (Z)2, if no bend). All other parameters were kept 
fixed at the values used for the equilibrium Dn geometry. 

IV. Experimental Section 
(5)-(+)-l,3-Dimethylallene Qa]23D +21.0°, ether) and (R)-

(+)-l,2-cyclononadiene Qa]23D +138.0°, 3-methylpentane) were 
kindly supplied by Professor P. Crabbe. Absorption spectra were 
measured with a Cary 17, CD spectra with a Jouan CD 185, and op
tical rotations with a Perkin-Elmer 141. The CD spectra obtained from 
(5)-(+)-l,3-dimethylallene, shown in Figure 2, have been inverted 
to correspond to those of (/?)-(-)- 1,3-dimethylallene in order to fa
cilitate the discussion. 

V. Results and Discussion 
Allene Ground State. The energy of the ground state of allene 

calculated by the RHF-SCF method using the basis set de
scribed in the previous section is —115.830 23 hartrees. The 
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Figure T. The effect of bending and twisting of the allene molecule on the 
calculated UV spectrum. The absorption energies are displayed horizon
tally and the states are labeled according to the point group appropriate 
to each deformation. The oscillator strengths,/ are displayed as bar graphs 
on a logarithmic scale (truncated a t / = 0.001). The bend and twist are 
in the sense shown in Figure 4. 

ground-state configuration is (lai)2(lb2)2(2a2)2(3ai)2-
(2b2)2(4a,)2(3b2)2(le)4(2e)4. The energies of the Ie and 2e 
molecular orbitals are tie = —0.6123 and e2e = —0.3783 har-
tree, respectively. The first two bands of the photoionization 
spectrum of allene have maxima at 10.02 and 14.75 eV.26,27 

The first band appears to be Jahn-Teller split, the second 
component occurring at 10.60 eV. Similar values for the first 
ionization potential have also been obtained from convergence 
of Rydberg series (10.1O9'10 and 10.02 eV") and by electron 
impact spectroscopy (10.16 eV28). These values are in rea
sonable agreement with estimates by Koopmans' theorem29 

for the potentials for vertical ionizations from the 2e(ir) and 
le(<7cH) levels, 10.3 and 16.7 eV, respectively. 

Allene Singlet Excited States. As stated in the Introduction, 
the singlet states of allene which are reached by vertical it —* 
7T* transitions are generally believed to occur in the order A2 
< Bi < B2. The position of the fourth x —* ir* state (of Aj 
symmetry) has remained in doubt. The results of our calcu
lations are given in Table I and the effects of various bending 
and twisting deformations are shown in Figure I. The principal 
features of the experimental vacuum UV spectrum of allene, 
obtained by Iverson and Russell1' and by Rabalais et al.,10 are 
four broad bands at 6.72 («max 980), 7.30 (emax 8400), 8.20 
(emax 2200), and 8.78 eV (emax 5050). Each band is highly 
structured, the structure consisting apparently of a mixture 
of vibronic transitions and transitions to Rydberg states.1' 

We find that the first two states, IA2 (6.49 eV) and IB, 

(6.84 eV), arise from ir -*• IT* excitations both of which are 
electric dipole forbidden. Both transitions gain weak dipole 
strength from the bending vibrational mode. When the bend 
is 10",/(1A1 -* 1A2) is 0.0023 and/(1A1 -> 1Bi) is 0.0051. 
Neither transition gains dipole strength from the twisting vi
bration. We assign the weak first band at 6.72 eV" as arising 
partly from the 1Aj —>• 1B2 transition and partly from the IT —-
3s Rydberg transition (see below). From the calculated values 
of (Tr*jr2|ir*), 14.1-(1A2), and 16.1 bohr2 (IB,), both TT — 
7T* states have valence rather than Rydberg character.30 As 
confirmation one finds that removal of the diffuse functions 
from the basis leaves the positions of these states essentially 
unchanged, 1A2 (6.55 eV) and 1B1 (6.91 eV). 

The third state is I1E (ir -* 3s), computed to occur at 7.21 
eV and to have an oscillator strength/ = 0.082. Such a state 
may be Jahn-Teller unstable, the degeneracy being removed 
by coupling to vibrations of bi symmetry.31 Sutcliffe and 
Walsh9 assign a value of 7.16 eV to the first member of .a 
Rydberg series with quantum defect 5 = 1.06. This number is 
corroborated by model potential calculations of Betts and 
McKoy.12 Iverson and Russell1' have calculated the value of 
6.87 eV as the first number of an alternate series with 5 = 0.97 
which converges to the same ionization potential. Robin32 

argues from photoelectron spectroscopic data and by analogy 
with term values observed for other three-carbon chromo-
phores that the lower component of the Jahn-Teller unstable 
1E state should occur at the position of the weak band at 6.72 
eV. This assignment is consistent with a recent MCD study of 
allene by Schnepp33 in which no A term could be found in the 
range 6.5-7.5 eV and which revealed partial Rydberg char
acter for the band at 6.72 eV. Although a complete vibronic 
analysis is not feasible in the present study, our calculations 
demonstrate (Figure 1) that a 10° twist (the bi vibrational 
mode) leads to a separation of 0.72 eV of the TT -*• 3s Rydberg 
states, the lower component moving to 6.7 eV. As stated above, 
we prefer to assign the band at 6.72 eV as a composite of va
lence ir —- TT* (Ai —* Bi) and Rydberg ir —- 3s (Jahn-Teller 
separated Ai -* E). The calculated oscillator strength of the 
lower 7r —>• 3s component at a twist of 10° is 0.029, in good 
agreement with the experimental estimate/ = 0.03.32 

The two components of the ' E (ir ->• 3s) are individually 
strongly optically active. As will be seen in the next section, the 
removal of the degeneracy by vibronic coupling will play a 
prominent role in the explanation of the observed optical ac
tivity of chiral allenes. 

The fourth excited singlet state is found to be 11B2 (ir -»• IT*) 
with energy 7.88 eV relative to the ground state. The transition 
1Ai -» 1B2 must correspond to the 7.30 eV second band9-11 

which must also contain the higher energy ir -» 3s transition 
in its lower energy side. The calculated oscillator strength is 
/ = 0.334 for the Dld structure, a n d / = 0.287 for the D2 
structure. In the latter case, the value cited is the sum of the 
oscillator strengths of TT -* TT* (A, - • B2 , /= 0.229) and TT -»• 
3s (A, -*• Bi , / = 0.058). Both values are in good agreement 
with the experimental estimate,/ = 0.34.32 The ' B2 state has 
considerable Rydberg character.30'34 Without the diffuse 
functions in the basis, the energy of this state increases by 0.79 
eV. Secondly, (7r*|r2|x*> = 8010 bohr2. 

The next four states, 2E, 2Ai, 2Bi, and 2A2, all arise from 
7r—>- 3p excitations and fall in the narrow range 8.13-8.26 eV. 
Except for the first, 1Ai —•• 21E (ir - • 3pa0, none of the tran
sitions to the 3p Rydberg states is electric dipole allowed in the 
Did point group symmetry. The 1A) —>• 21E transition has 
weak oscillator strength,/ = 0.0088. Sutcliffe and Walsh9 have 
two series with quantum defects suggestive of w -*• np transi
tions beginning at 8.03 and 8.15 eV, respectively. Iverson and 
Russell" have identified one series with a quantum defect, 5 
= 0.372, beginning at 8.05 eV. We assign the transition at 8.05 
eVas 1A, — 21E (ir — 3pa,) as did McKoy and Betts.12 
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40 45 50 
fern"1 x 103 

Figure 2. The UV and CD spectrum of (#)-(-)-1,3-dimethylallene: — , 
gas phase, ambient temperature; ---, solution in 3-methylpentane at 23 
°C; ---,solution in 3-methylpentane at-182 0C. 

Figure 3. The UV and CD spectrum of (/?)-(+)- 1,2-cyclononadiene: 1. 
gas phase, ambient temperature; 2, solution in 3-methylpentane at 20°; 
3, at -100 0C; 4, at -145 0C; 5, at -182 0C. 

The 21A2 state has the same symmetry as the 1] B2 state, 
namely, B2, when the symmetry of the molecule is reduced to 
Z)2 by twisting vibrations. The calculations indicate that the 
two transitions couple strongly, sharing dipole intensity. At a 
twist angle of 10°,/(1A, — 21A2) = 0.116 while/(1A, — 
11B2) = 0.228. We suggest that the third diffuse band at 8.20 
eV in the allene spectrum be assigned as 1Ai —»• 21A2 (it -* 
3pe) and predict that the intensity of this band should decrease 
with lowering of the temperature with a concurrent increase 
in intensity of the second band, assigned as 1Ai —- I1B2. 

The ninth state, 3A], at 8.56 eV is the fourth member ex
pected from the it -*• 7r* valence transitions and, indeed, is 
found to be valence-like:30 <7T*|A-2]7r*) = 31. bohr2; energy, 
without diffuse functions, 8.53 eV. This state derives negligible 

intensity from vibronic coupling and is not observed in the 
experimental spectrum.11 

Assignments of more highly excited states than those dis
cussed above become less certain because of basis set limita
tions. The 1A1 — 21B2 (it — 3pe) and 1Ai — 31B2 (it — 3de), 
with energies 8.86 and 9.07 eV, respectively, are calculated to 
have the highest intensities,/= 0.093 and 0.535, respectively. 
We tentatively assign the latter as corresponding to the fourth 
diffuse band at 8.78 eV in the allene spectrum." The strong, 
sharp peak at 8.58 eV at the beginning of the third diffuse band 
was assigned as the n = 4 member of the it —- «s series by Iv-
erson and Russell11 and also by Sutcliffe and Walsh9 but is 
calculated to be relatively weak,/(1Ai -*• 61E) = 0.0052, 
though not broadened by vibronic coupling. Our results indi
cate that the 1Ai --61E and 1Ai -*• 21B2 transitions exchange 
positions when the molecule is twisted through 10° (Figure 1). 
We tentatively assign the 8.58-eV peak as due to the overlap
ping transitions 1Ai --21Bi (*•-»• 3pe) and 1Ai -"61E(Tr-* 
4s). 

In summary, all of the transitions of allene below 9 eV 
originate from 7r(2e) excitations. Three of the it —* it* exci
tations are expected to give valence-like states, namely, IBi, 
IA2, and 3Ai. The strongly electric dipole allowed it — it* 
transition, Ai -* IB2, has considerable Rydberg character. 
There appears to be a substantial Jahn-Teller splitting of the 
'E(ir —• 3s) Rydberg state. 

Optical Activity of Chiral Allenes. The temperature and 
solvent dependence of the UV and CD spectra of (/?)-(—)-2 
and (R)-(+)-3 are shown in Figures 2 and 3, respectively. The 
gas-phase CD spectrum of 2 reveals a band at 6.00 eV which 
is little affected when 2 is dissolved in 3-methylpentane and 
a band at 6.17 eV which experiences a marked blue shift to 6.45 
eV in the condensed phase. It is apparent that the two terminal 
states are of valence and Rydberg character, respectively, and 
that they have the same sign for the rotational strength, op
posite to that observed for the intense CD absorption above 6.7 
eV which apparently is responsible for the sign of optical 
rotation at the sodium D lines. It is apparent also that the ro
tatory strength of the first transition is considerably attenuated 
upon cooling to — 182 0C, in accord with the predictions for the 
CD of the Ai -* A2 transition based on the dynamic coupling 
model (see the Introduction). 

The gas-phase CD spectrum of 3 (Figure 3) reveals a couplet 
of oppositely signed CD bands at 5.19 and 5.59 eV. Both bands 
experience blue shifts to 5.27 and 5.77 eV, respectively, upon 
solution of the compound in 3-methylpentane. Upon cooling, 
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Figure 4. The effect of bending and twisting of the allene molecule on the 
calculated CD spectrum. The absorption energies are displayed horizon
tally and the states are labeled according to the appropriate point group. 
The rotational strengths [R]T are displayed as bar graphs where lengths 
are proportional to the magnitude of the rotatory strength. Row (d) cor
responds to (R)-(+)-3. 

the first band grows in intensity and shifts further to 5.33 eV 
at - 1 8 3 0 C. Although the data are incomplete, the second 
band apparently disappears as the temperature is lowered. As 
in the case of 2, there is a transition above 6.6 eV with larger 
rotational strength which may be responsible for the sign of 
optical rotation at the sodium D lines. This last transition has 
CD of opposite sign to its analogue in 2, although the spatial 
arrangement of the five carbon atoms which make up the 
chromophore has the same helicity. 

In order to rationalize the applicability of the model we wish 
to use to explain the optical activity of 2 and 3, it is necessary 
to examine the stereochemistry of the vibronic deformations 
that render 1 instantaneously chiral. We concentrate on the 
lowest frequency vibronic modes of e and b symmetry,36'37 the 
bend of e symmetry which has a vibrational progression of 335 
cm - 1 , and the twist of bj symmetry which has spacings of 865 
cm - 1 . Both modes are illustrated in Scheme I. The terminal 
points 6 and 7 of the bending vibration labeled ez are chiral and 
identical. The terminal points 4 and 5 of the e^ bend are chiral 
and have the same local handedness, but are not equivalent if 
R ^ H . The chiral structures along the coordinate tx are an
tipodal to those along ey (i.e., 6 (R = H) is the mirror image 
of 4 (R = H)). Since 6 and 7 are identical, the time-averaged 
structure along ez is one in which there is no bend at the central 
carbon. Since 4 and 5 are not equivalent if R ^ H, then the 
geometry local to the chromophore of {R)-(-)-2 and [R)-
(+)-3 will have a bend in the sense shown in 4 (or 5). The ter-

f "M 

W 

I 11 bi 
B BA BBA "A I AB 

B 

ENERGY (eV) 

Figure 5. The effect of bending and twisting of the allene molecule on the 
calculated UV and CD spectra. The absorption energies are displayed 
horizontally and the states are labeled according to the point group Ci-
Oscillator strengths are displayed as in Figure 1 and rotatory strengths 
[R]' &s in Figure 4. The distortions are those expected for the time-aver
aged structure of vibrationally excited (R)-(—)-2. 

minal points of the bi twist, 8 and 9, are chiral with opposite 
handedness. If R ^ H the vibrational motion will favor one 
or the other. As we shall discover, the observed optical activity 
of (R)-(-)-2 can be rationalized if the time-averaged structure 
corresponds to 8 (R = CH3) , while the optical activity of 
{R)-(+)-3 is consistent with having a twist as in 9 (R, R = 
-(CH2)-6). A recent study of the structure of 3 by molecular 
mechanics calculations suggested a bend of 10° in the sense 
of 4 and a twist of 2° in the sense of 9 as the static geometry 
of the most stable conformation.38 

The results of the deformation studies on the allene moiety 
are shown in Figure 4. As argued above, neither 2 nor 3 can 
have a linear arrangement of the C = C = C bonds. The data 
displayed in Figure 4 represent the consequences of the prin
cipal deformation modes available to the cumulene. Several 
points are immediately apparent. Bending of the chromophore, 
in the sense of 4 (R = H), causes the Ai -»• A2 allene transition 
to shift to lower energy by 0.1 eV and to gain appreciable ro
tational strength, [R]r = +27.2,40 principally by gaining 
electric dipole intensity from the A] -*• A2 transition. As is 
expected from the coupling of the two transitions, the latter 
has [RY = - 2 0 . 1 . The A| —- Bi intra-valence-shell transition 
also gains some rotational strength, [R]v = -8 .4 , from one of 
the components of the Ai —* IE transition. As anticipated 
earlier3' a bend of 10° is ineffective in removing the degeneracy 
of the E state of allene and thus the large rotational strengths 
associated with the components of this transition will almost 
cancel. 

On the other hand, twisting of one end relative to the other 
(the bi torsional mode) leads to little shift in the A] -»• A2 

transition and does not induce mixing of the IA2 and IB2 

states. As a consequence little optical activity is expected for 
the Ai -»• A2 transition from the twist alone. However, 1B2 and 
2A2 (ir -* 3pe) interact under the twist perturbation and a CD 
couplet results: [R]T = +35.7 and -40 .8 , respectively. Of 
greater significance is the fact that the degeneracy of the A i 
— E transition is removed, the resultant Bt and B3 states being 
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separated by 0.73 eV when the twist is 10°, but the rotational 
strength of each is not diminished. A large CD couplet results 
with the lower energy Ai - • B3 transition having [R]r = -62.2 
and the Ai —»• Bi, [R]r = +58.6 when the twist is the sense of 
9(R = H). 

The top row, (d) of Figure 4 shows the resulting optical ac
tivity when the chromophore is both twisted and bent in the 
sense expected for (./?)-1,2-cyclononadiene 3 (4 + 9). The first 
band, which originates from the Aj —* A2 (ir -*• TT*) allene 
transition, has a positive rotatory strength [R]" = +23.9 be
cause of the C-C-C bend. The next, Aj —>• Bj (IT -*• IT*), is 
strongly shifted to lower energies by the twist and has a small 
rotational strength of opposite sign imposed by the bend. The 
next two bands, with [R]r = —51.2 and +51.1, are the two 
components of the Aj —* E (tr —* 3s) Rydberg transition of 
allene which are spread apart by the twist. The separation, 0.46 
eV, is similar to the separation, 0.65 eV, of the two highest 
occupied ir molecular orbitals of the structure with 10° bend 
and twist. The Ai —»• B2 (x —- T*) transition has a weaker 
positive rotatory strength [R]T = +20.1. Comparison of lines 
a and c reveals that the bend (4) and twist (9) tend to induce 
oppositely signed rotational strengths on this transition. 

Finally, the results of the calculations of the optical and 
circular dichroism spectra of the chromophore when it is bent 
in the sense of 4 and twisted in the opposite sense, i.e., as in 8, 
are shown in Figure 5. This configuration, discussed above, 
corresponds to the time-averaged structure of (R)-{—)-2. The 
first bend has positive rotational strength [R]T = +32.9 be
cause of the bend. The next transition has negligible optical 
activity. However, the principal difference between the results 
shown in Figure 5 and those shown in Figure 4b is that the 
Rydberg (it -* 3s) components have moved in the opposite 
direction. The second observable band (Ai -* B, ir —» 3s) in 
both the UV and CD spectrum also has positive rotatory 
strength [R]r = +49.5. To higher energy is a region of large 
negative rotatory strength arising from A —>• A, the second 
component of the Ai -» E (TT —>• 3s) Rydberg transition [R]r 

= -58.19, and A — B (from the allene Ai —• B2 (TT — TT*) 
transition) [R]r = -48.8. 

The temperature-dependent behavior of the spectra of both 
2 (Figure 2) and 3 (Figure 3) can now be rationalized. In the 
case of 2, at room temperature, both the low-frequency bending 
and twisting vibrational modes are populated giving the mol
ecule a time-averaged bent and twisted structure, the chirality 
of which is enhanced by anharmonicity of the nuclear motion. 
Both vibrational modes would be damped as the temperature 
is lowered and the molecule would approach its equilibrium 
geometry which has a bend of 1.4° and a twist of less than 
0.01 ° (according to the results of an optimization of the bend 
and twist angles of 2 using GAUSSIAN 7040 with the STO-3G 
basis41)- A calculation on the ground state of 2 using the full 
double f valence basis shows that 1,3-alkylation does not lead 
to a separation of the w orbitals (Ae = 0.000 07 hartree) and 
thus, presumably, not of the (T -* 3s) states either. Therefore, 
2, in its lowest vibrational state, should be virtually optically 
inactive. 

The chromophore of 3 has a permanent twist of 2° and bend 
of 10° because of constraints imposed by the nine-membered 
ring,38 and one need not assume that either bending or twisting 
vibrational modes are appreciably excited at room tempera
ture. One can rationalize the temperature dependence dis
played in Figure 3 by considering that the valence ' A -* 1B and 
Rydberg 1A —>• 1A transitions overlap less and less as the 
Rydberg transition is blue shifted first by solution of the 
compound and then by the increased density that accompanies 
lowered temperatures. The apparent disappearance of the 
Rydberg CD band is due to increasing overlap with the larger 
CD band of opposite sign which lies above 6.6 eV. 
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