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Abstract: On the basis of the observed matrix-infrared spectrum of benzyne, a structure and set of force constants and bond
orders are proposed, other possible structures are ruled out, and predictions are made of yet-unobserved frequencies and of

the vibrational spectrum of benzyne-ds.

Benzyne, or 1,2-dehydrobenzene, has offered a challenge
to our capacities to infer structures and bonding, ever since
its existence was demonstrated.!'? The reactivity of ben-
zyne—the apparently very low or zero activation energy of
dimerization, for example—indicates that the species is
more like a diradical than a benzene with an extra electron-
pair bond.># Yet there is no indication that the ground state
of benzyne is anything but a closed-shell singlet.!> The
qualitative picture in vogue supposes that benzyne’s “triple”
bond is shorter than the 1.39 A of a normal benzenoid bond
because two electrons occupy a weakly bonding orbital
whose maximum electron density lies in the molecular
plane, and whose parentage in benzyne can be traced to the
C-atom orbital contributions from the vicinal C-H bonds of
benzene that no longer exist in benzyne. If this is so, then
presumably there is some strain-induced rehybridization,
making the atomic carbon orbitals of the “triple” bond
more than one-third p-like, and (see Figure 1) giving the or-
bitals of the adjacent C-C bonds a hybridization between
sp? and sp. The bond lengths and bond orders of benzyne
were first estimated previously in connection with semiem-
pirical theoretical calculations.® Some calculations indicate
a shortening of the C;-C, bond and lengthening of the
C4-Cs bond, and a “triple bond” structure, although one
calculation suggests a cumulene-like structure.’

The only experimental hints directly cogent to the geom-
etry and bonding of benzyne come from the infrared spec-
trum of the species frozen in an inert matrix. This spectrum
was obtained by Chapman, Mattes, Mclntosh, Pacansky,
Calder, and Orr.2 The microwave spectrum has not been re-
ported and the electronic spectrum® appears to consist of a
featureless continuum whose energy range and intensity are
consistent with the interpretation just given for the “triple”
bond, that the “in-plane” carbon orbitals form ethylene-like
bonding and antibonding orbitals whose bonding and anti-
bonding strength are both significantly weaker than in a
normal 2p~ olefinic bond. However, the electronic spectrum
contributes no positive information about the structure.

We report here an interpretation of the infrared vibra-

tional spectrum of benzyne, as reported by Chapman et al.,?
from which we infer the normal coordinates, the bond
lengths, and bond orders and predict the infrared spectrum
of benzyne-ds. We shall show that its infrared spectrum
implies that benzyne has alternating bond lengths consis-
tent with the aryne-like structure I.

Analysis of Data

The infrared spectrum of benzyne between 400 and 1700
cm~! was reported by Chapman et al. to exhibit eight
bands, at 469, 736, 849, 1038, 1053, 1451, 1607, and 1627
cm~!, No spectrum was reported for higher frequencies.
We assume that the benzyne molecule has Cs, symmetry.
The molecule has normal modes of vibration that transform
according to the four symmetry species of this point group,
as follows: Ay, nine; A, four; By, three, and B,, eight. The
A; and B, species represent out-of-plane motion and the A
and B, species, in-plane motion. The A, modes are in-
frared-inactive but Raman-active; the other three sets of
modes are infrared-active.

We carried out a normal mode analysis with a valence
force field model, in which we allowed some variation of the
bond lengths and angles, as well as of force constants, to op-
timize the fit between model and observation. Specifically,
we assume that

11 = R(C3-Cy) = R(Cs-Cq)
ts = R(C-Cs) = R(C,-C3)
and define
ty = R(C4-Cs)
ts = R(C-Cy)
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Table I. Force Constants for o-Benzyne in Terms of Internal Coordinatesd

5, s, S5 5, t t, ty ty ts t,
5 'F F F ‘F "Fg *Fyt Fr Fyr For "Fy
1y 'Fy *Fr Fy Fy *Fr *Fy
8, B, B3 Ba &y 27} Qy Q, Qg Qg
Sy 0 ! S8 °F S8 0 'F, s °F, s °F s Kil s zF So F s
t, lFtﬁ —lFtﬁ thﬁ 3F1‘ﬁ Fio Fa Fro F o, Fro, Fra
8, lFﬁ zFﬁ 3Fﬁ ‘Fﬁ 0 lFﬁa zFﬁa 0 —zFﬁa — Fﬁa
a, Fy Fa Fqy ‘Fo Fy *Fq
71 Y2 Y3 Ya 8, 8, 8y 8, 8 8
'Fy Fy Fy *Fy "Frys *Fys —Fys iy —"Fys —'Fys
5, 'Fg Fg Fs ‘Fg Fs Fs

@Qther rows consist of the same force constants in appropriately permuted orders determined by the symmetry. Since 8 can be (+) or (-),

some Fyg are negative.

Table II. Symmetry Coordinates for o-Benzyne4

A, representation

B, representation

A, representation

B, representation

Siat+ = (1/\/2)(31 +5,)
S23+ = (1/\/2)(31 + S3)
Fiat = (12X + 1)
Fag+ = (1/\/2)([4 + fs)
L=

ts=1s

e3P = (1/\/2)(&1 + a4)
Q34 = (1/\/2)(042 + o)
Qgoq = (1/\/2)(045 + o)

S14— = (1/\/2)(51 — 54)
Sy3— = (1/\/2)(52 — 53)
Iy = (1/\/2)([1 —13)
tiom = AN, — 1)
Qg = (1/\/2)(041 - 0‘4)
Q3 = (1/\/2)(042 — o)
Qg = (1/\/2)(045 —ay)
Bia = (LN2)B, — 8,)
ﬁzs— = (1/\/2)032 - ﬁs)

Yia+T (1/\/2)(71 74
Yot = (LN2) (v, +7)
83t = (1/\/2)(51 +6,)
846+ = (1/\/2)(54 +84)
8,=8,
85=8,

Yia— T (1/\/2)(71 -7
V23—~ (1/\/2)(71 - 73)
85 = (1/3/2)(8, = 85)
846— = (1/\/2)(84 -84

Biat = (1/\/2)(31‘ +84)
B3+ = (1N/2)(B,% 8

Aoy = —(¢, + 0,), etc.; B, = (1/2)(¢, — @,), etc.; v; = out-of-plane C—H bend; §; = torsion angle of C—C—-C-C.

Structure representing benzyne
a) aryne-like; b) cumulene-like

J J
(a) (b)

Figure 1. Structures representing benzyne: (a) aryne-like; (b) cumu-
lene-like.

We explored both possibilities, that 74 > 1, the convention-
al “triple bond”” model, and that t; > ¢, corresponding to a
cumulene-like structure. We also supposed that £123 =
£612 = £234 = /561 and that £345 = £456. As it worked
out, we could say that £234 = £345, within our limits of
sensitivity.

The computations were carried out by diagonalizing the
product of the kinetic energy matrix G and the potential en-
ergy matrix F, as described by Wilson, Decius, and Cross.!°

The valence force coordinate system is defined in Figure
2. The corresponding force constants are defined by their
position in the matrix of Table I, and the symmetry coordi-
nates are defined in Table II. The F matrix, G matrix, and
scaling are presented elsewhere.!! Because the molecular
point group symmetry is Cy., rather than Dgy, the symme-
try coordinates and F and G matrices differ from those giv-
ing the simplest description of benzene. Our starting trial
set of valence force constants was based on that set derived
for benzene by Crawford and Miller!? which they consid-
ered most reliable. We did have to estimate some of the
constants; the full set is given in Table III. Then the skeletal
force constants, bond lengths, and bond angles were varied,
and the frequencies of the vibrational spectrum were com-
puted and compared with the experimental set until the fit
was satisfactory, as described in the next section. We did

X
¢
%V HsﬁaT1 TSE36\‘54 He
BN/ 5%
: 5,0
NN
AN

Figure 2. Nomenclature for benzyne.

not extensively explore variations in the force constants'in-
volving the C-H stretching motion, in part for reasons of
economy and in part because the high-frequency C-H
stretching motions were not observed and are necessarily
only weakly coupled to the low-frequency modes. Thus,
within the sensitivity of our computations, the C-H stretch-
ing force constant of benzyne can be taken to be equal to
that of benzene. However, none of the other constants has
the same values in both benzene and benzyne.

While it is rarely possible to demonstrate that a set of
force constants gives a unique representation of a spectrum,
one can get some sense of the reliability of a set by compar-
ing one’s “‘best” fit with the predictions based on physically
reasonable but somewhat different values of the parame-
ters. Some such comparisons are made in Table IV, to illus-
trate the sensitivity of the predicted spectrum to changes in
bond lengths, bond angles, and various force constants, all
corresponding to about the same basic structure. Frequen-
cies corresponding to other proposed structures fit less well;
these are discussed in the following section. We find, with-
out surprise, that the correlation of calculated and observed
frequencies is much more sensitive to variations in force
constants than to variations of bond lengths and angles. The
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Table III. Internal Force Constants of Benzene

'Fy=5.0645 dyn/cm x 10° Fg=1.0143dyncm X 107!

2 =0.0173 £ = 00193

Fy=-0.0310 g =0.0119

‘Fg=-0.0342 ‘Fs = —-0.,0314

'Fp=12720 ! ~ =0.4409

*Fp=0.530 2F,, = —0.0665

Fy=0918 °F., = 0.0082

‘Fp=0473 "F7 = -0.0303

'Fep = —0.0990 'Fyg=—0.0871 dyne X 107

’For = —0.0990 Fug=0.0191

*Fgr = —0.0990 *Fsg = 0.0871

'Fg — *Fg = 0.339 dyn *Fs — *Fg =—0.023 dyn
cm X 107! cm X 107

'Fg—3Fg =0.316
'Fg — *Fg5 =0.349

Fs— *Fs = 0.033
2F5 — 4Fg =0.011

Estimated Values
'Fy=1.528dyncm x 107! 'Fys = —0.185dyncm x 10"

*Fpy = 0.0076 PPl = 00428

F, = —0.144 3F'ya = -0.0542

“F, = —0,0895 "Fe =0 foralln
YFyq =0.1532dyn X 1073 NFe =0 foralln
2Fye = —0.0531 NFyg=0foralln
Fyq = 0.0965

bond lengths and angles enter only in the elements of the G
matrix (kinetic energy), not in the potential energy or F
matrix. For a molecule like benzyne, with a host of mole-
cules to serve as comparisons, it is probably more reliable to
ascertain bond lengths through the use of a bond length—
bond order—force constant correlation, rather than directly
through variation of the bond lengths and angles in a fitting
procedure, because the normal mode frequencies are simply
too insensitive to changes in distances.

Results and Inferences

The best-fitting set of infrared-active frequencies is
shown in Table V, together with the observed frequencies
and the percent deviations of calculated from observed
frequencies. The eigenvectors are available.!! The most
critical valence coordinate for purposes of interpreting the
structure of benzyne, the C-C stretching coordinate called
ts, occurs primarily in the modes with predicted frequencies
2083 and 2450 cm~!, which were outside the region origi-
nally observed by Chapman et al. In the 2083 mode, the
“C==C" bond and the “C—-C” bond across the ring stretch
in phase with each other, and out of phase with the other
four C-C bonds. In the 2450-cm™! mode, the “C=C"” bond
coordinate ts5 oscillates out of phase with the stretching
coordinate ¢, opposite, and out of phase with (z4 + #¢) but
in phase with (#; + #3); this mode is the highest frequency
stretching mode of the ring, with alternate bonds moving
exactly out of phase.

The best fit of the valence force constants for benzyne is
indicated in Figure 3, with the corresponding force con-
stants for benzene. The bond lengths, bond angles, bond or-
ders, and force constants are collected in Table VI. We see
that the deviation from a benzenoid structure is not great,
far less than models proposed for benzyne on the basis of
semiempirical orbital models.

Our selection of the “optimum” geometry, force con-
stants, and bond orders was not totally based on fitting the
infrared spectrum. When the magnitudes for satisfactory
sets of values were obtained, we applied two additional cri-
teria in an approximate way. One is the empirical connec-
tion between bond length and bond order known as Bad-
ger’s rule: with equilibrium distances R, in A and bond-
stretching force constants k in mdyn/A,

Table IV, Predicted Frequencies for A, Normal Modes of
Benzyne for Various Changes of Parameters4

1 2 3 4 5 6
3096 3094 3094 3097 3124 3127
3054 3053 3053 3054 3054 3063
2450 2441 2441 2457 2465 2557
2083 2082 2082 2081 2083 2174
1645 1652 1653 1647 1638 1708
1601 1607 1607 1590 1601 1675
1444 1446 1447 1441 1444 1434
1052 1053 1052 1049 1052 1064

471 476 482 475 471 471

4Column 1, best fit; column 2, all angles 120°, 1, (C=C) =
1.334 A; column 3, all angles 120°, r, = 1.274 A column 4, angles
123 and 612 = 177.5°%, angle 165 = 125°, ¢, = 1.334, column 5, best
fit structure, force constant for r, and ¢, F,.+, taken as 7.47
mdyn/A instead of 6.56; column 6, force constants for all four
A, Fyy 34y Frages Fyyyand Fyg, taken 10% higher than best-fit values.

Table V. Observed Infrared Frequencies of 0-Benzyne Compared
with Calculated Normal Frequencies for the Ir Active
Representations of the C,,, Point Group

Obsd freq Caled freq A, Calcd freq B,

Calcd freq B,

(em™) representation representation representation
(ref 8 and 19) (cm™!) (ecm™) (ecm™)
306
469 471 (0.4%)
540
735 735 (0.0%)
849 854 (0.6%)
1038 1039 (0.1%)
1053 1052 (0.1%)
1313
1451 1444 (0.5%) 1449 (0.1%)
1607 1601 (0.4%)
1627 1645 (1.1%)
1856
2044
2085 2083 (0.1%)
2450
3040
3054
3087
3096

k(R — 0.68) = constant (which we fixed from benzene)
(1)

The second is the bond order-bond length relationship of
Coulson, coupled to the constraint that the sum of the bond
orders p; for the carbon-carbon bonds must be (roughly)
10. For our system, the relationships have the form

1.02 - 0.530R,
= 102 0.00%, 2
P = 5235R, — 0.160 )
6
Zl pi=~10 (3)
P

The best-fitting set of parameters does not conform precise-
ly to eq 3, as Table VI shows. The bond 5 is significantly
shorter than its force constant would imply if Badger’s rule
held strictly. The other bonds have lengths and orders that
are reasonably consistent with eq 1, 2, and 3. Frequencies
computed with bond lengths of column 5, Table VI, fit sig-
nificantly worse than the best-fit set, particularly the calcu-
lated 1680 cm™! (obsd 1627) and 1073 cm™! (obsd 1053)
modes.

Three previously proposed structures of benzyne are
those shown in Figure 4, together with one based on column
5, Table VI. We have calculated hypothetical infrared spec-
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Figure 3. Force constants used to calculate the normal modes of vibra-
tion of o-benzyne compared to the force constants for benzene.
Stretching force constants are in units of dyn/em X 10° and bending
force constants are in units of dyn cm X 107!,

Table VI. Bond Lengths, Bond Angles, Bond Orders, and
Carbon—Carbon Bond-Stretching Force Constants for the Best-
Fitting Set of Constants, Corresponding to the Frequencies

of Table V. Bond Lengths and Bond Orders Derived from the
Best-Fitting £'s and Eq 1 and 2 Are Given in the Last Two
Columns

Best- Badger’s
fitting rule
k (mdyn/ bond
Bond Re(A) p Ay length (&) p

t, 1.384 1.73 6.56 1.387 1.72
t, 1.414 1.57 6.06 1.405 1.62
t, 1.414 1.57 6.16 1.401 1.64
ts 1.304 2.25 7.78 1.349 1.80
Zp;=10.42 Zp; =10.14
£123=123° £234=118.5° ,345=118.5°

a Actual computations and ref 11 were based on a scaling in which
stretching force constants have twice this numerical value.

Table VII. Frequencies (cm ™) of the A, Modes of Benzyne
Based on Structures II, III, and IV and Equations 1 and 2

11 111 v v Best fit Obsd
3116 3122 3130 3122 3096
3061 3060 3072 3061 3034
2356 2981 2814 2429 2450
1973 2228 2335 2066 2083 2085
1672 1701 1710 1680 1645 1627
1609 1578 1631 1616 1601 1607
1426 1453 1438 1433 1444 1451
1079 1084 1048 1073 1052 1053
456 518 491 474 471 469

tra for the A; modes of these structures by using our own
best set of force constants for all elements of the F matrix
except the C—C stretching constants, for which we used the
values based on Badger’s rule (above). The spectra so pre-
dicted are shown in Table VII. While we did not attempt to
optimize the force constants around each of the C-C
stretching constants, for structures II, III, and IV, it is clear
that none of these structures offers as suitable a model as
structure I because the predicted frequencies are so differ-
ent from the observed spectrum. In the case of III and IV,
only very unreasonable force constants for bending and in-
teraction could conceivably bring the calculated values into
the range of the observed. Note that the arbitrarily selected
symmetric structure used by Hoffmann, Imamura, and
Hehre (II) and structure V give quite comparable fits to the
data.

We have explored several structures of the sort like Ha-
selbach’s, in which the bond lengths imply that the benzyne
molecule is cumulene-like, rather than acetylene-like. These
structures are uniformly unsatisfactory. We can say with

III

Figure 4. Structures suggested for benzyne. II, Hoffmann, Imamura,
and Hehre,'¢ also used by Millie, Pradu, and Serre;'” 111, Coulson,®
also approximately that inferred from computations by Fraenkel and
Newton;'® IV, Haselbach;? V, from Table VI, column 5.

Table VIII. Infrared-Active Frequencies Predicted for
Perdeuteriobenzyne, Based on the Best Fit to the Observed
Spectrum of Normal Benzyne

A, B, B,
451
546
548
594
714
774
814
1027
1112
1281
1480
1568
1706
1978
2035
2243
2350
2380
2452

considerable confidence that the benzyne molecule is prop-
erly called a cycloalkyne.

The original spectrum?® was only reported for the region
between 450 and about 1700 cm™!. The normal modes that
depend most sensitively on the “C=C" bond ts and the
bond opposite, t;, have frequencies in the range of about
2100 and 2600 cm™!, respectively. A truly critical determi-
nation of the structure of benzyne from its infrared spec-
trum requires that the normal frequencies in this higher-
frequencies region be measured.

After this work had been submitted for publication, we
learned of new work by Chapman and co-workers'? which
extends the range of observation to about 2600 cm~!, The
extended spectrum shows a band, with a signal:noise ratio
of about 5:1, at 2085 cm™!, which fits very nicely with the
predicted value of 2083 cm™!. No other bands at frequen-
cies above 2085 cm™! were attributable to benzyne. How-
ever, the nonobservance of the predicted band at 2450 cm™!
need not shake our assignment and interpretation. It is en-
tirely plausible from the geometric nature of the 2083 and
2450 modes, that the change in the z-component of the mol-
ecule dipole moment during the 2450 cm™! oscillation is
considerably smaller than the change associated with the
2085-cm™! band, so that the higher frequency band could
easily have less than one-fifth the intensity of the lower-fre-
quency band, and thereby remain unobserved. We conclude
from the observation of the band at 2085 cm~! that our
general model is probably rather close to the true situation.

As a final check of our proposed structure, we have cal-
culated the infrared-active frequencies for perdeuterioben-
zyne. These are given in Table VIII. Hopefully they can be
measured in the near future.

Laing, Berry /| Structure and Bonding of Benzyne
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Torsional Potentials of Methyl Rotors Attached

to Polar Linkages
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Abstract: The qualitative orbital arguments presented earlier as one possible rationalization for the observed conformational
preference in propene are extended to the case of rotation of a methyl group about a polar double bond. The conclusions of
this simple model, regarding variations in the torsional potential of the methyl group, are fully substantiated both by experi-
mental data and by the results of quantitative ab initio molecular orbital calculations. Brief consideration is also given to
variation in the barriers of methyl rotors in other molecular environments.

It is generally accepted that a methyl group attached to
an unsaturated linkage will adopt a conformation in which
one of its CH’s eclipses the multiple bond. For example,
propene is known to exist in such a methyl-eclipsed equilib-
rium conformation? with a barrier to rotation—through a
methyl-staggered form—of some 2.0 kcal/mol.> Similarly,

/ N\

. el
ﬂ<_/ 200 kcal/mol
<

one of the C~-H bonds in acetaldehyde prefers to eclipse the
carbonyl linkage.** In this instance, however, the potential
hindering free rotation is considerably smaller than it is in
propene.® Even the individual methy! rotors in a molecule

I}
7

el
1.16 kcal/mol

<,

like cis-2-butene prefer to be oriented so as each to eclipse
the carbon-carbon double bond, although in doing so one
would seem to maximize the steric repulsion between the
pair of in-plane methyl hydrogens. Indeed, the barrier to

H H

o Y
/ N\

rotation here (0.73 kcal/mol)32 is far smaller than that
found for propene.

We,® and others,” have already pointed out possible ex-
planations for this preference of vinylic methyl groups to
eclipse unsaturated linkages. Consider, if you will, the con-
sequences resulting from the interaction of the valence or-
bitals of a methyl rotor® and the = system of a double bond
(Figure 1). Restricting ourselves only to the highest occu-
pied and lowest vacant molecular orbitals on each of the
two fragments, we see that four interactions result.” The
first is between filled valence shells. The net repulsion
which results—akin to that experienced between approach-
ing rare gas atoms—-is greater for the staggered rotamer
than it is in the eclipsed. This is because overlap between
the two fragments is most effective (and hence destabiliza-
tion at a maximum) in the arrangement where the out-of-
plane methyl hydrogens are positioned directly over the
double bond, rather than being trans disposed. It should be
emphasized that the diagram below and the ones which fol-
low are constructed to represent individual interactions be-
tween specific orbitals on a methyl group and a polar unsat-
urated linkage. They should not be taken as representations
of the total molecular orbitals which result. In this regard it
is important to realize that the energy of interaction is pro-
portional to the square of the overlap between fragments
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