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The molecular structures of ethynylbenzene artdethynylbenzene have been accurately determined by
gas-phase electron diffraction and ab initio/DFT MO calculations and are compared to that of
diethynylbenzene from a previous study [Domenicano, A.; Arcadi, A.; Ramondo, F.; Campanelli, A. R.;
Portalone, G.; Schultz, G.; Hargittai,J. Phys. Chenl996 100, 14625]. Although the equilibrium structures

of the three molecules hav&,, D3, andD,, symmetry, respectively, the corresponding average structures

in the gaseous phase are best described by nonplanar mod&|<af, andC,, symmetry, respectively. The
lowering of symmetry is due to the large-amplitude motions of the substituents out of the plane of the benzene
ring. The use of nonplanar models in the electron diffraction analysis yields ring angles consistent with those
from MO calculations. The molecular structure of ethynylbenzene reported from microwave spectroscopy
studies is shown to be inaccurate in the ipso region of the benzene ring. The variations of the-@ng C
bonds and €C—C angles imp-diethynylbenzene angltriethynylbenzene are well interpreted as arising from

the superposition of independent effects from each substituent. In particular, experiments and calculations
consistently show that the mean length of the ring@bonds increases by about 0.002 A per ethynyl group.
MO calculations at different levels of theory indicate that though the length of #€ Bond of the ethynyl

group is unaffected by the pattern of substitution, thgs€Ceiynyi bonds inp-diethynylbenzene are 0.061

0.002 A shorter than the corresponding bonds in ethynylbenzens-aiethynylbenzene. This small effect

is attributed to conjugation of the two substituents through the benzene ring. Comparison of experimental
and MO results shows that the differences between the lengths ofgthe Cinyny and Gpsg— Cortho bONds in

the three molecules, 0.028.027 A, are correctly computed at the MP2 and B3LYP levels of theory but are
overestimated by a factor of 2 when calculated at the HF level.

Introduction b

a
ESY

Gas-phase electron diffraction and, increasingly, quantum
chemical calculations, have been used extensively in our
laboratories to investigate geometrical changes in benzene

NI i
Situted benzene fing containg valuable information on the F9Ue L. Leterng of e G-C bonds and 6C-C angles in a

o . . monosubstituted benzene ring ©f, symmetry.
electronegativity, resonance, and steric effects of the substituent,
and also on other, more subtle electronic effécthe geo-
metrical parameters that are most sensitive to the impact of thepased on the ring angles of 100 monosubstituted benzene
substituent are the internal ring angles at the ipso and ortho gerjvatives from quantum chemical calculatiéns.

gosm%r;sng ;';?aﬂn ’Cg':;p?ﬁgvgkgr:ne';'golgea% Znﬁat\?eapt%_en In polysubstituted benzene derivatives the distortion of the
raotritg%alized in terms c.>f either hylc?ridization effects at the ipso ring may be interpr_eted, toa good approxi_mat_ion, as arising
carbort or valence-shell electron-pair repulsich#Ve have from t_he superposition of mdepengl_er_]t contrlbutlonsf from each
recently derived an electronegativity scale of functional groups sgbsutgent‘:e Deylat!ons from a_dd|t|V|ty_ may oceurin ort_ho-
’ disubstituted derivatives, due to interaction between substituents,

*Corresponding _authors. AD. fax, 39-0862-433753; e-mai, and in some para-disubstituted derivatives, where the resonance
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tki.aak.bme.hu. other substituent.
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Some years ago, we reported the molecular structures of TABLE 1: Low-Frequency Vibrational Modes (v < 300

ethynylbenzerfeand p-diethynylbenzené from electron dif- cm™?) of s-Triethynylbenzene
fraction and quantum chemical calculations. Here we present wavenumber (cm)
the results of (i) a gas-phase electron diffraction study of description symmetry  B3LYP/6-31G*MM3

striethynylbenzene, (ii) a reanalysis of the gas electron dif-

. . " . tric C-C,=CH ' (out-of-pl 96 99
fraction intensities of ethynylbenzene, and (|||.) a comparison SyTrmfer('fwith cce wag A" (out-of-plane)
of the molecular structures of ethynylbenzepaiethynylben- bending about §)
zene, ands-triethynylbenzene, as obtained from electron dif- mixed asymmetric bendings ' En-plane) 112 110
i i calculations at various levels of _ (@bout Gsoand &)
fraction experiments and MO asymmetric G-C,=CH wag E' (out-of-plane) 162 176

theory. The reliability of the comparison is enhanced by the " o4 iith ccc

fact that the experimental data are from the same laboratory, pending about g

and have been produced, processed, and analyzed using identicahixed symmetric bendings  A(in-plane) 204 206
procedures. (about Gpsoand G,)

The rotational spectrum of ethynylbenzene was studied in  2Unscaled frequencies.
1975 by Cox et al'® who determined a partial substitution
structure from the spectra of six isotopomers. However, the Most calculations were run on a cluster of four AlphaServer
accuracy of the parameters defining the geometry of the ipso COMPAQ/ES40 at the CASPUR Supercomputing Center,
region has been questiongd, because the reported ring University of Rome “La Sapienza”.
deformation is opposite to that obtained by electron diffraction ) )
and quantum chemical calculations. Recently, the rotational Experimental Section
spectrum of ethynylbenzene has been reinvestigated by Fourier synthesis.s-Triethynylbenzene was prepared according to
transform microwave spectroscopy, measuring the spectra ofthe literaturé® from s-tribromobenzene and trimethylsilylacety-
39 isotopomers, and using a variety of methods to derive the jene, by means of a palladium-catalyzed coupling reaction. After
structure of the molecule from the inertial momektsThe Workup’ the raw product was puriﬁed by column Chromatog_
geometry of the ipso region produced by the various methods raphy and recrystallized from 70/30 ethanol/water solution (mp
supports the results of the earlier microwave sttfdith regard 103-104 °C, lit.1® 105-107 °C). The purity was checked by
to p-diethynylbenzene ansitriethynylbenzene, these molecules  thin-layer chromatography, gas chromatography, gas chroma-
lack a permanent electric dipole moment and are therefore nottography/mass spectrometry, and NMR spectroscopy, and was
amenable to microwave studies. On the other hand, the higherfound to be better than 98%.
molecular symmetry makes them better suited for electron  Electron Diffraction. The electron diffraction photographs
diffraction analysis than the monosubstituted derivative, becauseof s-triethynylbenzene were taken with the Budapest EG-100A
many of the atomratom interactions double or treble in the apparatug® using a membrane noz#at a temperature of about
scattering of electrons by these molecules. 397 K. Nozzle-to-plate distances of about 50 and 19 cm were

The molecules considered in the present study are the buildingused. The tracing and data reduction were carried out according
blocks of a number of highly conjugated systems with long to our usual procedur@:?2The ranges of the intensity data were
electronic pathway? These systems have important techno- 2.000< s < 13.875 A1 and 8.50< s < 35.75 A™1, with data
logical applications, such as liquid crystal displays, nonlinear intervals of 0.125 and 0.25 A&, respectively. The total
optical devices, molecular wires and sensors, and self-as-experimental intensities are deposited in Table S6.

sembling nanostructures. ) ) )
Analysis of the Electron Diffraction Data

The least-squares method was applied to molecular intensities
as in refs 7b and 22, using a modified version of the program
by Seip and co-worker&. The inelastic and elastic scattering

Quantum chemical calculations on ethynylbenzeréieth- functions were taken from refs 24 and 25, respectively. The
ynylbenzene, and-triethynylbenzene (plus unsubstituted ben- initial background lines were modified repeatedly in the course
zene, used as a reference) were carried out systematically anaf the analysis.
consistently at a series of levels of theory (HF, MP2(f.c.), and  s-Triethynylbenzene. Already at an early stage of the
B3LYP) with the 6-31G* and 6-31t+G** basis sets;* using analysis it became apparent that a model based on the equilib-
the Gaussian 98&ackage® With s-triethynylbenzene conver-  rium Da, structure was inadequate to describe the average
gence was slow, particularly at the MP2(f.c.)/6-312G** structure of the molecule, due to large-amplitude vibrational
level, where the standard convergence criterion had to be slightly motions. According to vibrational frequency calculations, the
released. Vibrational frequency calculations, run at the B3LYP/ lowest-frequency modes are two in-plane and two out-of-plane
6-31G* level on the B3LYP/6-31G* geometries, showed the vibrations (Table 1). As with other benzene derivatives studied
equilibrium structures of the three ethynylbenzenes to IGaye in our laboratorieg® the MM3 and B3LYP/6-31G* frequencies
Dan, and Dan symmetry, respectively. Vibrational amplitudes are in close agreement, pointing to the suitability of the MM3
for the electron diffraction least-squares refinements were force field to obtain low-frequency modes. Only the out-of-
calculated with the program ASYM40, version 3%hased on plane vibrations (symmetric and asymmetric) contribute sig-
the B3LYP/6-31G* optimizations. Vibrational frequencies and nificantly to making the average structure of the present
amplitudes were also obtained from molecular mechanics molecule different from the equilibrium structure. They involve
calculations, using the MM3 force field.Geometrical param-  principally the bending of the ethynyl groups as rigid entities
eters from the MO calculations are provided as Supporting about the respective ipso carbons (wagging), mixed with
Information to this paper (Tables SE5; all tables containing  contributions from G- C=C bendings. The effect of the in-plane
an S in their identification label are deposited in the Supporting vibrations on the long €-C distances is much less pronounced
Information; see the relevant paragraph at the end of the paper).and can safely be ignored. A substantial proportion of the effect

Theoretical Calculations
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Figure 2. Numbering of atoms in (a) ethynylbenzene, (P
diethynylbenzene, and (s)triethynylbenzene.

that the asymmetric out-of-plane vibration has on the©
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Figure 3. Molecular intensity curves df-triethynylbenzene for the
two camera distances (E, experimental; T, theoretical for model B).
Also shown are the difference curves {ET).
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Figure 4. Radial distribution curves ofs-triethynylbenzene (E,
experimental; T, theoretical for model B). They were calculated using

distances is the same as that of the symmetric out-of-planean artificial damping factor exp(0.002?); theoretical values were used

vibration.

Two simple models, A and B, were tested in the course of
the analysis. Model A was based on the equilibrium structure,
that is, on a planar molecule dds, symmetry. Model B
consisted in a symmetrically out-of-plane bent molecul€Hf
symmetry, with locaD3, andC., symmetries for the benzene
ring and the G-C=C—H groups, respectively. The six inde-

in the 0.00=< s < 1.75 A1 region. The positions of the most important
distances are marked with vertical bars, whose heights are proportional
to the relative weights of the atomic pairs. Also shown is the difference
curve (E— T).

Model B fits the experimental data better than model A
(R=10.0300 vs 0.0364), yielding an effective bending angle of
the ethynyl groups of 8.2 0.6°.2° This compares well with

pendent parameters to describe the geometry of model A werethe value of the corresponding anglepialiethynylbenzene, 6.8

chosen as follows (see Figure 2c for the numbering of atoms):

(i) the bond distancegC1—C2) andr(C2—H2); (ii) the bond-
distance differencé% A;(C—C) = r(C1-C7) — r(C1-C2),
Ay(C—C) = r(C7=C10) — r(C1-C2), and A(C—H) =
r(C10-H10) — r(C2—H2); (iii) the bond anglé1C2—C1-C6.
Model B requires an additional parameter, the out-of-plane
bending angle of the ethynyl groups about the ipso carlns,
This is defined as the angle that the-€H10 line makes with
the CZ%--C4 line. Of these parametergC2—H2) was kept at
1.0935 A, based on the fact that awfC—H) value for benzene

is 1.096 A28 \whereagC2—H?2) is calculated to be ca. 0.0025
A shorter tharme(C—H) in benzene at the HF and B3LYP levels
(see Tables S3 and S4). The differe€—H) was fixed at
—0.019 A, a value consistent with the results of MO calcula-

+ 1.7° from our electron diffraction studyThe value of the
internal ring angle at the ipso carbon, 112%:®.2°, is consistent
with the results of MO calculations (Table S3), whereas the
corresponding value of model A is unacceptably large, 120.7
Using more sophisticated models, such as an out-of-plane bent
molecule with nonlinear EC=C—H groups, or a 1:1 mixture

of symmetrically and asymmetrically out-of-plane bent mol-
ecules, did not result in further improvement of the fit, nor in
significant changes in the molecular parameters. Final molecular
parameters from model B are reported in Tables 2 and S7,
showing also the coupling of vibrational amplitudes. Molecular
intensities and radial distributions are presented in Figures 3
and 4, respectively. Correlation matrix elements with absolute
values greater than 0.5 are given in Table S8.

tions. The remaining geometrical parameters were refined as Ethynylbenzene.The accurate determination of the molecular

independent variables.
Eleven mean amplitudes of vibratidnwere also treated as

structure of ethynylbenzene by the electron diffraction technique
is a demanding task, due to the relatively low symmetry of the

independent parameters. Most of them were coupled in groupsmolecule. The present reanalysis of the experimental data from

to other amplitudes with constrained differenck, TheseAl’s

the previous studycollected at about 319 K with the Budapest

and some other amplitudes that were not refined were takenapparatud? was aimed at improving the accuracy of the results

from spectroscopic calculations based on the B3LYP/6-31G*
optimization. UsingAl values from calculations with the MM3
force field” had no effect on the geometrical parameters.

by (i) appropriately treating the large-amplitude out-of-plane
motion of the substituent (which was ignored in the previous
study), (ii) imposing more accurate constraints from other
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TABLE 2: Molecular Parameters of s-Triethynylbenzene the bending of the ethynyl group as a rigid entign in-plane
from Electron Diffraction # and an out-of-plane bend about the ipso carbaixed with
Distances and Mean Amplitudes of Vibration PA) contributions from G-C=C bendings. Only the out-of-plane
| ] vibration contributes significantly to making the average
‘ . inlicit — i Coﬁp"”ég structure of the molecule different from the equilibrium
atom par_muftiphicrty fa exp ca s¢ e_m structure, as it shortens systematically all nonbonded interatomic
C1-C2 6 1.4023(4) 0.0469(4) 0.0458 i distances between the substituent and the benzene ring. The
g%:go g i'gﬁi@ 0.0470 0.0459 L resulting average structure is therefore nonplanar. We have based
= . (#) 0.0368(6) 0.0354 i
Co—H2 3 10935 ~ 00764 ~ 00750 i our model on an out-of-plane bent moleculeGfsymmetry,
C10-H10 3 1.0745  0.0738 0.0724 i with local Cy, and C.,, symmetries for the benzene ring and
C1--C3 3 2.434(2) 0.0584(5) 0.0556 il the C-C=C—H group, respectively. Under these symmetry
g%gi g g-igi% 8-822&1) 8-8221 v constraints the geometry of the molecule is described by 14
s oo . . . I“ . . .
Pt 6 2.450(1) 0.0697 0.0669 i |fnﬁependent ';:)_aramezter?, WEICh Webhaye ci;osen to_de_flnﬁ as
Cc7---C3 6 3.732(19 0.067(1) 0.065 v ollows (see Figure 2a for the numbering of atoms): (i) the
C7---C4 3 4.223(19 0.077(3) 0.067 Vi bond distanceg(C1—C2) andr(C4—H4); (ii) the bond-distance
C10--C1 3 2.641(19 0.052 0.050 v differenced’ A1(C—C) = r(C2—C3) — r(C1-C2), A,(C—C)
g%ggg g Z-ggggg 8-828% 8-822 vii = r(C3—C4) — r(C1-C2), A3(C—C) = r(C1-C7) — r(C1—

.. . . . Viii ) — — _ _ _H) = _
C10--C4 3 5.430(2) 0085(4) 0070  ix ﬁg)’A“(CC 4C)H 4r(§7::c{2 _r(césc% Aq(C 0'1) H£(02 4
C7---C8 3 4.881(3 0.089 0.086 viii ) — 1(C4—H4), Ay(C—H) = r(C3-H3) — r(C4—H4), an
C7---C11 6 5.951(3) 0.135(3) 0.128 X A3(C—H) = r(C8-H8) — r(C4—H4); (iii) the bond angles
Cl0--Cl1 3 6.955(4) 0.186(10) 0.183 Xi 0C2-C1-C6(n) and JC3—-C4—C5(9); (iv) the bond-angle

) ) differencesAr; = [1C1-C2—H2 — [1C3—C2—H2 andAt1, =
Angles (d d Diff between Dist A ! 2

Dcz_ngle_sc(aeg) andierences 1819_287?15')5 ances (%) DCZ_—CS—HS - DC4—C_3—H3; and (v)_ the out-of-plane

Ay(C—C) 0.0271(12) bending angle of the substituent about the ipso caratefined

A (C—C) —0.1910(5) as the angle that the ©1H8 line makes with the G1-C4 line.

gk(C—H) g (7)'(9&9 An accurate determination of all these parameters is not

feasible by electron diffraction alone. We have therefore
? Least-squares standard deviations are in parentheses in units of thgmppsed a number of geometrical constraints, based on reliable
e > - ! A ! . ; .
last digit. > To save space, only-€C, C-H, and G--C pairs are listed - g4, ra] information from other techniques. The bond distance

in this table. The unabridged list, reporting alse-8 pairs, is provided . .
in the Supporting Information (Table SF)From spectroscopic calcula- r(C4—H4) was assumed at 1.096 A from our electron diffraction

tions based on the B3LYP/6-31G* optimizatiohThe roman numerals ~ Study of benzen& because MO calculations give essentially
indicate the groups within which the amplitudes were refined with equal values for(C4—H4) in ethynylbenzene (Table S1) and
constant differences between thehRependent parameterAssumed re(C—H) in benzene (Table S4). The differencAs(C—C),
(see text)9 Ay(C-C) = _r(Cl—C?) — 1(C1-C2)."Ay(C—C) = A2(C—C), Ay(C—H), Ay(C—H), A3(C—H), Aty, andAz, were
r(C7=C10) = r(C1-C2).' A(C-H) = r(C10-H10) ~ r(C2-H2). assumed from the B3LYP/6-33H-G** calculations. The ring

I Assumed from B3LYP/6-31&+G** calculations.X Out-of-plane s K 99 f h ial f
bending angle of the substituent about C1, defined as the angle that2N9l€ 0 was kept at 1199 from the partialrs structure o

the CZ%--H10 line makes with the G1-C4 line. ethynylbenzene obtained by microwave spectrosédphis
o value is expected to be accurate, because the atomic coordinates
TABLE 3: Low-Frequency Vibrational Modes (v < 300 of C3, C4, and C5 in the inertial reference framework are large
cm™1) of Ethynylbenzene : P
and are thus well determined by the substitution method. The
wavenumber (cm') microwave result is also supported by MO calculations at
experimental calculated various levels of theory, which yield values in the narrow
Bacon King HF/ B3LYP/ range 119.8119.9 (Table S1 and refs 8, 11, and 12).
description  symmetry etal2 and S8 4-21G 6-31G¥Y MM3e Simultaneously refining the ring angleand the bending angle
C-C,=CHwag B (out-of- 140 162 130 146 155 6 has proved unfeasible, due to high correla.tion between these
(mixed with  plane) parameters. We have found that the experimental data could
Cé?C bé?ding be approximated equally well by either assuming different values
about . . . .
mixed CCC B (in- 152 163 146 159 159 for_ 6 and allowinga to refine or vice versa. In view of tr_le
bendings plane) evidence for a pronounced out-of-plane motion of the substituent
(about Gpso provided by spectroscopic calculations, we have eventually fixed
and @) 0 at 8.0, a value consistent with our experimental results for

a Reference 307 Reference 31¢ Reference 11, scaled frequencies. P-diethynybenzerfeand s-riethynylbenzene. The remaining
dThis work, unscaled frequenciesThis work.f Double assignment,  variables, namely(C1—-C2), A3(C—C), A4(C—C), and the ring
see ref 32. anglea, were refined as independent parameters. Eleven mean

techniques, and (iii) carefully redrawing the background lines. @mplitudes of vibration were also treated as independent
The ranges of the intensity data used in the present analysisParameters, in the same manner as githiethynylbenzene.
were 2.000< s < 14.125 A1 (50 cm data set) and 10.09 s Under the above conditions, the ring angleefines to 119.2
< 35.50 A1 (19 cm data set), with data intervals of 0.125 and + 0.2, @ value consistent with the results of MO calculations.
0.25 AL, respectively. The total experimental intensities are |f the model is constrained to th€; symmetry of the
deposited in Table S9. equilibrium structureq increases to 120°0

The two lowest-frequency vibrational modes of ethynylben- ~ Molecular parameters from the final refinement are reported
zene are in-plane and out-of-plane vibrations (Table 3). The in Tables 4 and S10, showing also the coupling of vibrational
two modes are nearly degenerate, as shown consistently byamplitudes. Molecular intensities and radial distributions are
experiment and theoretical calculations. They involve principally presented in Figures 5 and 6, respectively. Correlation matrix
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tions. Table S5 shows that bond distance changes become less

SM(S) C¢H;CCH pronounced as one moves from the ipso to the para carbon.
T Thus thea bonds are 0.0060.010 A longer than the €C bond
------- E of unsubstituted benzene, the bonds are 0.0030.004 A
I cm

shorter, and the variation of thebonds is negligibly small.
The angular deformation is also more pronounced at the ipso
~ 19 cm carbon, witha. decreasing by 040.9° from the reference value

of 120.0. The largest value in each range is produced by
B3LYP calculations. As regards the other ring angles, all MO
calculations point to a tiny increase p{0.2—0.3°) and an even
smaller decrease @f (0.1-0.2°). The angles is calculated to
: , , . , . , be nearly equal t¢r at the HF and B3LYP level, whereas MP2
0 5 10 15 20 25 3 ., 35 calculations yield values closer to 120.0

s, A The electron diffraction study gives accurate ring angles,

Figure 5. Molecular intensi_ty curves of ethynylbenzene for the two  whose valuesd = 119.2,8 = 120.2,y = 120.2, andd =
camera distances (E, experimental; T, theoretical). Also shown are thellg.g’) are in closer agreement with the results of HF and
difference curves (E- T). . .

B3LYP calculations than those from the previous stéidys
reliable information on the differences between the lengths of
thea, b, andc bonds in ethynylbenzene could not be obtained
from the experiment, these were assumed from the MO
calculations.

In their reinvestigation of the microwave rotational spectra
of ethynylbenzene Dreizler et #.used a number of different
procedures to derive the structure of the molecule from the
inertial moments. In all cases, however, the ring amgtarned
out to be larger than 120in agreement with the earlier work
by Cox et al'® Also, thea bonds came up to be shorter than

PSSV 2A

c1-c7 | .
ce-c2 —
c7-C3 [—
C7-C4 -

J 1
it $58% 8 8 24 the b bonds in many cases. This is contrary to the results of
MO calculations carried out at various levels of theory (Table
0 1 2 3 4 5 6 r A7 S1 and refs 8, 11, and 12). The present electron diffraction

_ S ~experimental results further support the Viéw that the
Figure 6. Radial distribution curves of ethynylbenzene (E, experi- geometry of the ipso region of the benzene ring obtained by
mental; T, theoretical). They were calculated using an artificial damping microwave spectroscopy’? is affected by some systematic

factor exp0.00Z?); theoretical values were used in the 008G < .
1.75 A-! region. The positions of the most important distances are error, related to the smadl coordinates of atoms C1, C2, and

marked with vertical bars, whose heights are proportional to the relative H2 in the principal axis system of the molecule. Quoting from
weights of the atomic pairs. Also shown is the difference curve ref 12, “The determination of atomic positions with small

(E-T). coordinates in the principal inertial axis system of the molecule
admittedly remains an inherent weakness of molecular structure
elements with absolute values greater than 0.5 are given in Tabledetermination from inertial moments alone.” Whenever experi-
S11. mental data from one technique do not provide enough
information to determine the structure of a molecule, the use
Results and Discussion of appropriate constraints from other techniques (such as

The present study provides conclusive evidence that theimposing fixed values to angles and differences between bond
average structures of ethynylbenzepeliethynylbenzene, and dls_tances) may _substantlally improve the accuracy of the resu_lts.
striethynylbenzene in the gaseous phase are best described by Nis procedure is commonplace in gas-phase electron diffraction
nonplanar models ofs, C,,, andCs, Symmetry, respectively, Work_ and has started to be _applle.d to .rotatlonal spectroscopy
although the corresponding equilibrium structures hayeDon, studies as wel? However, imposing fixed values to bond
and Dg, symmetry, respective? This is due to the large- gllstances in a Ieast-sq.uares refinement, as done in some
amplitude motions of the substituents out of the plane of the instances in ref 12, may introduce systematic errors, due to the
benzene ring. The use of nonplanar models in the presentd'ﬁer?nt physical meaning that.ab.ond d|st§nce.has in different
electron diffraction studies yielded ring angles consistent with téchniques of structure determination. At this point we note that
the results of MO calculations, as well as the expectation for Dreizler et al.'s direct comparison (pp 223 of ref 12) of
this type of substituent (p 4945 of ref 5). various experimental bond distances with the results of MO

Benzene Ring Deformation in EthynylbenzeneAccurate  calculations may be misleading. Such comparisons beyond
determination of the deformation of the benzene ring in certain accuracy levels, as in the case of these studies, can be
monosubstituted derivatives is important as it conveys informa- made properly by first applying all necessary vibrational
tion on the nature of the interaction between the ring and the corrections to bring all data to a common basis.
substituen®® In the case of ethynylbenzene the ring deformation ~ Benzene Ring Deformation inp-Diethynylbenzene and
is small, with the G-C bond distances and-@€C—C angles s-Triethynylbenzene. In most polysubstituted derivatives of
differing by less than 0.011 A and 2,Qrespectively, from the benzene, the deformation of the ring with respect to unsubsti-
reference values of unsubstituted benzene. Our MO calculationstuted benzene may be interpreted to a good approximation as
carried out at different levels of theory, consistently reveal the arising from the superposition of separate effects from each
trends of distortion (Table S5). The actual geometrical variations, substituent.® Using theAa, Ab, Ac, Aa, AS, Ay, andAd values
however, depend slightly on the level of theory in the calcula- from Table S5 (wheréd\a = a — r(C—C)penzene €tC.,Aa. = o
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— 120, etc.), the lengths of the-©C bonds and the values of TABLE 4: Molecular Parameters of Ethynylbenzene from
the G-C—C angles irp-diethynylbenzene ansitriethynylben- Electron Diffraction

zene can be well predicted. For instanc€C2—C3) in p- Distances and Mean Amplitudes of Vibration A)
diethynylbenzene should 5éC—C)penzenet 2Ab, and 0C2— | -
C1-C6 in s-triethynylbenzene should be 128- Ao + 2Ay. ' coupling

Comparison with geometrical parameters from the actual atom pair_ multiplicity fa exp calé schemé
optimizations (Tables S2 and S3) shows that the differences C1-C2 () 2 1.4072(2)  0.0455(4) 0.0456 i
between predicted and optimized geometries are negligibly small C2-C3 () 2 1.3932(2) 0.0447 0.0448 i

at the HF level, not exceeding 0.0003 A for bond distances and gigé © 11'3272%((%) 8'83@2 8'8222 :
0.05 for bond angles. Somewhat larger differences are calcu- c7=cs 1.2114(8) 0.0358(10) 0.0354 ii
lated at the MP2 (B3LYP) level, up to 0.0010 A (0.0007 A) c2-H2 1.095 0.07% 0.075
for bond distances and 0.210.17) for bond angles. In the ~ C3-H3 1.096 0.07% 0.075
case ofp-diethynylbenzene, the optimized ring geometry is gg::g 1-833 8-8;2 8-8;2
slightly more distorted than the predicted geometry. C1--C3 2'.428(23 0:0548(4) 0.0542 i

The present experimental study of ethynylbenzene yi&lds Cl-C4
= —0.8, A = +0.2, Ay = +0.2, andAd = — 0.1°. From C2--C4
these values, the ring angles at the place of substitution are€2"C5
predicted to be 119°1for p-diethynylbenzene and 119.6or
striethynylbenzene. The corresponding experimental values arecy...c2
119.24 0.2°° and 119.6+ 0.2, respectively. C7---C3

The MO calculations consistently indicate that the mean C7+*C4
length of the ring G-C bonds in ethynylbenzen&(C—C)ing[) 08:.(:2
exceeds by 0.0010.002 A that in benzene. This is a conse- (g...G3
guence of the lengthening of tlbonds caused by the ethynyl cs..-c4
substituent being more pronounced than the shortening of the
b bonds. Due to the additivity of the deformations, we expect

2.805(2 0.0605(10) 0.0605 v
2.420(19 0.0549  0.0543 iii
2.795(19 0.0610  0.0610 v
2.428(2 00555  0.0549 i
2.419(19 0.0550  0.0544 i
2.460(19 0.0644  0.0638 i
3.730(19 0.059(2) 0.062 v
4.227(19 0.064(4) 0.064 Vi
2.643(2 0.046(2) 0.049 vii
3.563(19 0.091(3) 0.092  viii
4.889(19 0.086(3) 0.080  ix
5.435(19 0.062(5) 0.066  x

PNNRFRPRPNNRPRNNERENRPRNNRRDN

Angles (deg) and Differences between Distances (A) or

[M(C—C)ringto increase gradually as the number of ethynyl Ay(C—C)e Angles (deg)_o,014\
groups increases. Table 5 shows this to be the case, not only A,(C—C) -0.010
with the computed. values but also with the experimentg| Ay(C—-Cy 0.0247(17)
values. Although the small differences between the lengths of ~ 24(C—C)' —0.1958(7)
the ring C-C bonds are hard to measure by electron diffraction, ilgg::;m gg-&;’f
[Hg(C—C)ringlis accurately determined. Az(C_H)n 20,022
Comparison with Solid-State Results.Comparing geo- 0C2—-C1-C6 (o) 119.23(17)
metrical parameters from gas-phase electron diffraction with ~ £C1-C2-C3 (5) 120.20(13)
those from X-ray crystallography is by no means straightfor- ggg_gz_gg ) 120.24(4
/ X 4 - —C4—C5 (0) 119.90
ward, because different physical meanings are invo¥é€dhe AT Zq.on
rq bond distances obtained by electron diffraction are thermal- Az —0.4
average internuclear separations. The bond distances obtained 6" 8.0°

by )?-.ray crystallography are sepa'ratlons between avgragg at'omlc a Least-squares standard deviations are in parentheses in units of the
positions and refer to the centroids of electron density distribu- |ast digit.> To save space, only-€C, C—H, and G--C pairs are listed
tion rather than to the nuclei. Moreover, the motion of a in this table. The unabridged list, reporting alse-@ pairs, is provided
molecule in a crystal has substantial contributions from libra- in the Supporting Information (Table S1G)From spectroscopic
tional rigid body motions, which may seriously affect the calculations based on the B3LYP/6-31G* optimizatiiThe roman
observed geometry. Last, but not least, intermolecular interac- nl_,lmerals indicqte the groups within which the amplitudes were refined
ti inth lid stat ’ rturb th ' trv of th | | with constant differences between thehependent parameterAs-
lons in the solid state may perturb (€ geometry o (€ MOIGCUIE. ey from our electron diffraction study of benz&ngsee text).

It appears, however, that the internal angles of the benzene rings o,(c—c) = r(c2—C3) — r(C1-C2)." Assumed from B3LYP/6-
are less affected than bond distances by these effects, so thag11++G** calculations.' AJ(C—C) = r(C3—C4) — r(C1—C2).1 As(C—
gas-phase and solid-state results of the accuracy ef@2t C) =r(C1-C7) — r(C1—C2). kK A((C—C) = r(C7=C8) — r(C1-C2).

can be safely comparé8,unless strong intermolecular inter- ' A1(C—H) = r(C2-H2) — r(C4-H4). ™ Ay(C—H) = r(C3-H3) —
actions involve the substituent in the crystal. Here we will limit "(C4~H4). " As(C—H) = r(C8-H8) — r(C4—H4). ° Assumed from the

. - P partial rs structure obtained by microwave spectrosc8py’ Ar=
our comparison to the ring angles at the place of substitution. (C1—C2—H2 — [C3—C2—H2. 4 Aty = [1C2—C3-H3 — CA—C3—

The crystal structures of ethynylbenzepaliethynylbenzene, H3. " Out-of-plane bending angle of the substituent about C1, defined
ands-triethynylbenzene have been determined by Weiss et al. as the angle that the ©iH8 line makes with the G1:C4 line.
by low-temperature (125 K) X-ray crystallograptyn crystal- s Assumed (see text).
line ethynylbenzene the asymmetric unit contains two indepen-
dent molecules in general position; a third molecule is disordered carried out by imposing &g, symmetry constraint to the
over a crystallographic center of inversion. The two nondisor- benzene ring in the least-squares refinement. A room-temper-
dered molecules have ipso angles of 119.3(2) and 119.8(2)  ature study’ yields values of the ipso angles in the range 149.5
The p-diethynylbenzene molecule h&scrystallographic sym- 119.8(2y.%8
metry in the solid state; the ipso angle is 119.4&)A value The above results agree with those from the present study.
of 118.9(2) %5 is obtained for the same angle in a molecular They provide further evidence of the fact that replacing an
complex ofp-diethynylbenzene witlp-dinitrobenzene, studied  hydrogen atom of the benzene ring with the ethynyl substituent
by room-temperature X-ray crystallograptyln the case of causes the ipso angle to become slightly but unambiguously
s-triethynylbenzene the low-temperature st¥fdyas apparently ~ smaller than 120
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TABLE 5: Mean Lengths (A) of the Ring C—C Bonds in
Mono-, p-Di-, and s-Triethynylbenzene, from Quantum
Chemical Calculations and Electron Diffraction
Experiments?

distance

level/basis set type  benzene mono para sym
HF/6-31G* le 1.386 1.387 1.389 1.390
HF/6-31H+G** le 1.386 1.387 1.388 1.389
MP2(f.c.)/6-31G* le 1.397 1.399 1.401 1.403
MP2(f.c.)/6-31H-+G** le 1.400 1.402 1.405 1.406
B3LYP/6-31G* le 1.397 1.399 1.402 1.404
B3LYP /6-31H+G** le 1.395 1.397 1.399 1.402
experimental valuds g 1.398 1.401 1.402 1.404

a Also shown is the length of the-8C bond in unsubstituted benzene.
b All £0.003 A.cFrom our electron diffraction study of benzefe.
4 From ref 9.

TABLE 6: Lengths (A) of the Cipso—Cetnyny BOnds in Mono-,
p-Di-, and s-Triethynylbenzene, from Quantum Chemical
Calculations and Electron Diffraction Experiments

level/basis set distance type  mono para sym
HF/6-31G* le 1442 1.44% 1442
HF/6-31H+G** le 1.44% 1.44G 1.44%
MP2(f.c.)/6-31G* le 143% 1430 1.43%
MP2(f.c.)/6-31H+G** le 1432 1.43G 1.432
B3LYP/6-31G* le 1430 1.428 1.430
B3LYP/6-31H-+G** le 1.428 1.426 1.42§
experimental valués rg 1.433 1.43% 1.431

aAll £0.003 A.® From ref 9.

TABLE 7: Differences between the Lengths (A) of the
Cipso—Cethynyl @nd Cipso—Cortho Bonds in Mono-, p-Di-, and
s-TriethynyI{)enzene, from Quantum Chemical Calculations
and Electron Diffraction Experiments

level/basis set distance type mono  para sym

HF/6-31G* le 0.050 0.049 0.052
HF/6-31H+G** le 0.050 0.049 0.052
MP2(f.c.)/6-31G* le 0.027 0.024 0.029
MP2(f.c.)/6-31H+G** le 0.024 0.021 0.026
B3LYP/6-31G* le 0.023 0.021  0.026
B3LYP/6-31H+G** re 0.024 0.022 0.027
experimental valués rg 0.025 0.028 0.027

aAll +0.002 A.® From ref 9.

Ethynyl Substituent. Calculated and experimental values of
r'(Cipso—Cethyny) in the three molecules are reported in Table 6.
It appears that ip-diethynylbenzene the calculated values are
0.001-0.002 A shorter than in the mono and sym-trisubstituted
derivatives, at all levels of theory. This small effect is likely to
arise from through-conjugation, that is, in valence bond terms,
a contribution from quinoidal canonical forms such asGt=
C=CgHs=C=C~—H to the electronic structure of the molecule,
implying a more extensive delocalization of theelectron

J. Phys. Chem. A, Vol. 110, No. 5, 2008051

TABLE 8: Lengths (A) of the C=C Bonds in Mono-, p-Di-,
and s-Triethynylbenzene, from Quantum Chemical
Calculations and Electron Diffraction Experiments

level/basis set distance type  mono para sym

HF/6-31G* le 1.188 1.188 1.188
HF/6-31H-+G** le 1.186 1.186 1.186
MP2(f.c.)/6-31G* re 1.223 1.223 1.223
MP2(f.c.)/6-311+G** le 1.222 1.223 1.222
B3LYP/6-31G* le 1.210 1.210 1.209
B3LYP /6-31H-+G** le 1.205 1.205 1.204
experimental valués rg 1212 1.21% 1.213

aAll £0.003 A.P From ref 9.

calculated at the same level of theory using the same basis set
do not exceed 0.001 A and do not show any definite pattern of
variation. The differences between the experimergalalues
are also small, 0.0610.002 A, which is within experimental
uncertainty. It can be concluded that, at the 0.001 A level of
accuracy, the lengths of the=€C bonds of the ethynyl groups
are the same in the three molecules. The fact thap-in
diethynylbenzene the lengths of thesC bonds are apparently
unaffected by through-conjugation is not surprising. It is well-
known that the effect of resonance interactions on the lengths
of multiple bonds is much less pronounced than on the lengths
of single bonds?

As regards the terminal €H bonds of the ethynyl substit-
uents, inspection of Tables S83 shows that their lengths are
also unaffected by the pattern of substitution.

Conclusions

(1) Although the equilibrium structures of ethynylbenzene,
p-diethynylbenzene, argtriethynylbenzene hav@,,, D2, and
D3, symmetry, respectively, the corresponding average structures
in the gaseous phase are best described by nonplanar models
of Cs, Cy,, and Cs, symmetry, respectively. The lowering of
symmetry is due to the large-amplitude motions of the substit-
uents out of the plane of the benzene ring. The use of nonplanar
models in the electron diffraction analysis yields ring angles
consistent with the results of MO calculations.

(2) The geometry of the ipso region of the benzene ring
reported from microwave spectroscopy studfE®,with the a
bonds shorter than thb bonds anda larger than 129 is
affected by some systematic error, originating from the smallness
of the a coordinates of atoms C1, C2, and H2 in the principal
axis system of the molecule.

(3) The deformation of the ring €C bonds and €C—-C
angles inp-diethynylbenzene ansttriethynylbenzene may be
well interpreted (within 0.001 A and (®Ras arising from the

system than would otherwise be the case. As pointed out in theSUPerposition of independent effects from each substituent. In

preceding section, the deformation of the benzene ring in

particular, the mean length of the ring—C bonds increases

p-diethynylbenzene is slightly more pronounced than expected gradually with the number of substituents. The increase amounts
from the superposition of separate distortions from each tO a@bout 0.002 A per ethynyl group.

substituent-again a sign of through-conjugation.
The difference between the lengths of thgs& Cethynyi and
Cipso—Cortho bonds is well determined from electron diffraction.

(4) Although the length of the=5C bond of the ethynyl group
is unaffected by the pattern of substitution, thgsé& Cethynyi
bonds inp-diethynylbenzene are 0.06D.002 A shorter than

The values obtained are 0.025 A for ethynylbenzene, 0.023 A the corresponding bonds in ethynylbenzene aitidethynyl-

for p-diethynylbenzene, and 0.027 A fertriethynylbenzene,

benzene. This small effect is attributed to conjugation of the

all £0.002 A. Table 7 shows that these values agree with thosetwo substituents through the benzene ring.

calculated at the MP2 and B3LYP levels, whereas the values

from HF calculations are about twice as largerather serious
discrepancy.

The lengths of the €C bonds in the three molecules are
compared in Table 8. The differences betwergnvalues

(5) Comparison of experimental and MO results shows that
the differences between the lengths of thgsdS Cethynyl @and
Cipso—Cortho bONds, 0.0230.027 A, are correctly computed at
the MP2 and B3LYP levels of theory but are overestimated by
a factor of 2 when calculated at the HF level.
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