
J .  CHEM. SOC. PERKIN TRANS. 2 1994 1351 
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Through-space and through- bond interactions between n:-orbitals in the molecules hepta-I .6-diyne 
(A), 3,3-diethylpenta-I ,4-diyne (B), 4,4-diprop-2-ynylhepta-l,6-diyne ( C ) ,  2,2-di(bromomethyl) - 
1,3-dibromopropane (D) and 4,4-diethynylhepta-I ,6-diyne (E )  have been studied using gas-phase 
He1 photoelectron spectroscopy. The assignments of the photoelectron bands are discussed in 
relation to the results of extended Huckel calculations. Mixing of the n: orbitals with the CJ bond 
framework of the molecules is revealed by broadened band profiles in the IT ionization region. 
Detailed examination of the first ionization of A suggests that one conformation is predominant 
under the conditions of the experiment. The terminal n: orbitals are separated by too great a distance 
for through-space interaction, so the spread of the ionization band is entirely from through-bond 
interactions. The low-energy ionizations of B correspond to the in-plane and out-of-plane 
symmetric and antisymmetric combinations of the four terminal n: orbitals, each of which has a 
different interaction with the C-H and C-C bonds of the central carbon atom. The spectra of C and 
D are very similar to each other, even though C has only alkyne substituents and D has only 
bromine substituents. The spectrum of E is a complicated mix of some of the features of A and 
some of the features of 6. Extended Huckel calculations help clarify the number of orbitals in this 
region and the nature of the orbital interactions. 

The study of non-bonding interactions in organic molecules 
containing two or more K-subunits, either conjugated or non- 
conjugated, is an important area of physical organic chemistry.’ 
He1 photoelectron spectroscopy has been the primary tool for 
experimentally quantifying these interactions. For example, 
photoelectron spectroscopic investigations of molecules with 
either acetylene functionalities or halogen substituents have 
given evidence of non-bonded interactions that occur by direct 
overlap between the IT orbitals (‘through-space’ interaction) or 
that are mediated through intervening sigma bonds (‘through- 
bond’ interaction). Examples of specific systems that have been 
examined previously include simple molecules such as penta- 
1 ,4-d i~ne ,~  hexa- I ,5-diynq4 hepta- 1,6-diyne,’ cyclooctadiyne 
and related substrates ’ as well as bicyclo[2.2.2]octane and 
bicyclo[ 1.1. llpentane derivatives of diynes and dihalides.8 In 
most cases, the interaction of only two alkyne IT moieties has 
been studied. partly because of the preparative inaccessibility 
of more highly decorated substrates. 

We recently described the synthesis of the hitherto unknown 
tetraalkynes, namely, 4,4-dipropargylhepta- 1,6-diyne$ and 4,4- 
diet h yn ylhep ta- 1 .6-diyne. These are interesting candidates for 
extension of the study of multiple bond interactions that can 
occur through-space and through-bond. Our aim is to study 
experimentally interactions in a few non-conjugated alkynes 
using photoelectron spectroscopy in an effort to understand the 
magnitude of through-bond and through-space interactions of 
IT bonds. 

The systems included in this study are hepta-1,6-diyne (A), 
3.3-diethylpenta- 1,4-diyne (B), 4,4-dipropargylhepta- 1,6-diyne 
(C), 2,2-di(bromomethyl)- 1,3-dibromopropane (D) and 4’4- 
diethynylhepta- 1,6-diyne (E) as shown below. The structures 

t Present address: Max-Planck-Institut f. Polymerchemie, W 6500 
Mainz. Germany. 
$ Propargyl = prop-2-ynyl. 
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shown are the most stable conformations as indicated by 
molecular mechanics calculations. * However, the barriers to 
rotation about certain bonds may be low and there may be more 
than one conformation present in the gas-phase. The favoured 
conformation for compound C (and D) reveals the two pairs 
of diagonally opposite propargyl (and CH,Br) arms forming a 
‘W’ and an inverted ‘W’ about the central carbon atom. 
However, rotation of each propargyl (and CH,Br) arm must be 
considered. The ‘W’ conformation has a D,, symmetry and this 
will be the geometry we will be mostly concerned with. Another 
favoured geometry looks like a ‘swastika’ when viewed down 
the rotation axis and has an S, symmetry. The view down the 
z-axis is shown below. There are other conformations possible 
but they all have increasing numbers of interactions between 
C-X groups (X is C-C or Br) at the ends of the chains.’’ 
Molecule A (hepta-1,6-diyne) can also exist in a ‘W’ or ‘S’ 
conformation while there is only one conformation possible 
for the substituted penta-1,4-diyne molecule B as far as the 
7t orbitals are concerned. Molecule E can have different confor- 
mations in the gas-phase depending on the orientation of the 
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Table 1 Extended Huckel parameters 

Atom Orbital HJeV Slater exponent ( 

C 2s -21.4 1.625 
2P -11.4 1.625 

H 1s - 13.6 1.300 

Br 4s - 22.07 2.588 
4P - 13.10 2.131 

two propargyl arms. The presence of different conformations, 
leading to slightly different through-space interactions between 
the 71: bonds, could result in complicated photoelectron spectra 
with many overlapping bands. 

Experimental 
Duta Collection.-He1 gas-phase photoelectron spectra were 

recorded using an instrument that features a 36 cm hemi- 
spherical analyser with a 10 cm gap (McPherson). Spectra were 
collected by sweeping the voltage supplied to the spheres. Data 
collection methods are described e l ~ e w h e r e . ' ~ ~ ' ~  Molecules A 
and B are colourless liquids. Molecule C is a brownish white 
solid which sublimes at 30 k 5 "C. Molecule D is a white 
crystalline solid which sublimes at 60 k 5 "C at 1 x Torr 
pressure. Molecule E is a colourless liquid. The solid samples 
were sublimed within the ionization chamber at low pressures 
while the liquid samples were leaked into the chamber through a 
needle valve. The count rate was high (600-1000 counts s-') for 
all the samples except that for B (ca. 100 counts s-l). The total 
counts collected in the worst case (compound B) was about 
2400 and in other cases was close to 9000. The argon 2P3i2 
ionization at 15.759 eV was used as an internal calibration lock 
of the energy scale. Using the position of the CH,I iodine lone- 
pair ionization at 9.538 eV relative to Ar 2P3/2 ionization, the 
kinetic energy scale was calibrated. The instrument resolution, 
measured using the Ar 2P3/2 peak, was better than 30 meV 
during data collection. The data were intensity corrected for the 
experimentally determined analyser sensitivity versus electron 
kinetic energy. The close-up spectra are modelled analytically 
with asymmetric Gaussian peaks. The program is a modifi- 
cation of a previously published l4 one with the incorporation of 
constraints and boundary conditions used in the programs of 
Lichtenberger et al.15,16 The bands are defined with the 
position, amplitude, halfwidth for the high binding energy side 
of the peak, and the halfwidth for the low binding energy side of 
the peak. The peak positions and halfwidths are reproducible to 
within about i- 0.02 eV ( z  30 level) when the peaks are not 
significantly overlapping. A minimum number of peaks was 
used to represent a band based solely on the visible contours of 
the band profile. The parameters describing an individual 
ionization peak are less certain when two or more peaks are 
close in energy and overlapping. Under such conditions the 
widths of the overlapping bands are constrained to each other. 
The confidence limits for the relative integrated peak areas are 
about 5%, with the primary source of uncertainty being the 
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Fig. 1 He1 photoelectron spectra of the full valence region for A, 
hepta- 1,6-diyne; B, 3,3-diethylpenta- 1,4-diyne; C, 4,4-dipropargylhepta- 
1,6-diyne; D, 2,2-di(bromomethyl)-1,3-dibromopropane and E, 4,4- 
diethynylhepta- 1,6-diyne 

determination of the baseline subtracted from the peak. More 
detailed discussion of modelling criteria are described in the 
literature. l 6  

Calculations.-Extended Huckel calculations were used to 
assist the interpretation of the photoelectron spectra. The 
parametersI7 for the calculations are shown in Table 1. The 
program is an  IBM PC version developed by Mealli and 
Proserpio. * 

Results and Discussion 
Fig. 1 shows the full valence ionization region (8.5-16.0 eV) of 
the five non-conjugated 71:-systems. The region from 1 1.5-1 6.0 
eV is a complex overlap of ionizations occurring from various 
C-C and C-H 0 bonds. The region between 9.5-11.5 eV 
contains the information about interactions between 71: 

electrons. The alkyne-based 71: ionizations and, for D, the 
bromine IT (lone pair) ionizations occur in this region. The 
photoelectron spectrum of the simple acetylene molecule 
shows a well defined peak at 11.4 eV with vibrational fine 
structure. n-Propyl bromide also shows sharp peaks at 10.18 
and 10.49 eV due to the bromine lone-pair ionizations.2 Most 
conjugated alkynes have comparatively broad 71: ionizations 
because of the mixing of the 71: orbitals. Similar broad-band 
profiles are present in these non-conjugated systems A to E 
indicating that there is a considerable amount of interaction of 
the 71: clouds either through space or through the intervening 
C-C and C-H 0 bonds. It should be noted at this point that the 
onset of the C-C and C-H 0 bond ionizations is generally 
within 1 eV or less of the 71: ionizations. The close energy 
proximity of these ionizations opens the possibility of orbital 
interactions. 
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Some other collective observations may be made. One 
striking feature is the similarity between the shapes of the first 
ionization bands in the spectra of C and D even though C is a 
tetrapropargyl molecule and D is a tetrabromo molecule. Both 
of these have a sharp peak on the high-energy side of the band. 
In the tetrabromo molecule the first broad feature is stabilized 
by about 0.5 eV compared with the tetrapropargyl molecule. It 
is also worth noting that the low energy band in hepta- 1,6-diyne 
(A), which could be described as a dipropargyl molecule, is a 
little more than half the width of the first broad band in the 
tetrapropargyl molecule C. The spectrum of the substituted 
penta-l,4-diyne is different from the others as expected since this 
has fewer carbon atoms separating the triple bonded fragments. 
The last spectrum, molecule E, is complicated since it has some 
features of both A and B. The significance of these ionizations 
becomes more clear when the detailed features are examined 
individually. 

A Hepta- 1,6-diyne.-Fig. 2 shows the close-up spectrum of 
the region 9.5-1 1.5 eV for hepta-1,6-diyne. The variance at each 
data point is represented by the length of the vertical dash. The 
contour of the ionization band is represented analytically in 
terms of Gaussian peaks. This broad-band profile required a 
minimum of eight peaks to obtain a fairly good fit to the 
experimental spectrum. The peak parameters are listed in Table 
2. The first three Gaussian peaks on the low-energy side are 
constrained to have the same shapes, and special significance 
should not be placed on the shape of any individual peak. The 
four peaks on the high-energy side represent vibrational fine 
structure on the tail of the broad ionization band. These peaks 
are also constrained to have the same shapes. The peaks are 
equally spaced within the certainty of the experiment and the 
spacing in this case is approximately 900 cm-'. This spacing is 
almost exactly one-half of the vibrational spacing that is 
observed in the photoelectron spectrum of the acetylene 
molecule. It follows that these peaks are the intermeshed 
progressions of two different ion states that are separated by 
about 900 cm '. Looking at the higher intensity portion of the 
band, one can see four distinct ion states that are nearly evenly 
spread over about 0.6 eV in energy. In an earlier report from a 
comparative study of the width of ionization bands for hepta- 
1,6-diyne, octa- 1,7-diyne and nona-l,8-diyne it was concluded 
that the ionization band of hepta-l,6-diyne was most broad and 
this was attributed to the strength of interaction between the n 
orbitals. Their values for vertical ionizations match our peak 
positions to within kO.03 eV. In order to gain a better 
understanding of this spectrum, it is helpful to consider the 
orbital interactions that lead to this splitting. 

The experimentally observed splitting is generally a 
complicated interplay of both through-space and through-bond 
interactions. Through-space interaction between n systems is 
possible when they are forced into close proximity by, say, a 
constrained 0 framework. As a first step, consider two acetylenic 
units in a plane. The linear combinations of the TT orbitals will 
give rise to two symmetric and two antisymmetric combinations 
as shown below. The energy gap between the symmetric and 
antisymmetric orbitals of the out-of-plane combinations is 

Ira ns na ns - L--\r___i 
in-plane out of plane 

(HCE C-CH2)2CH2 

11.5 11 .o 10.5 10.0 9.5 
E,IeV 

Fig. 2 
vertical lines represent the variance at each experimental point. 

Close-up photoelectron spectrum of hepta-1,6-diyne. The small 

Table 2 
1,4-diyne 

Peak parameters for hepta- 1,6-diyne and 3,3-diethylpenta- 

~-~~ ~ 

Width 
Position 
(eV) High Low Area 

10.05 
10.27 
10.51 
10.68 
10.81 
10.93 
1 1.05 
11.18 

0.28 
0.28 
0.28 
0.14 
0.13 
0.13 
0.13 
0.13 

0.23 
0.23 
0.23 
0.14 
0.1 1 
0.1 1 
0.1 1 
0.1 1 

B 3,3-diethylpenta- 1,4-diyne 

9.96 0.42 0.4 1 
10.19 0.54 0.36 
10.52 0.17 0.16 
10.67 0.38 0.14 

2.54 
2.79 
2.56 
1 .oo 
0.50 
0.38 
0.17 
0.08 

1.11 
1.27 
1 .oo 
0.79 

smaller than that between the in-plane combinations because of 
smaller through-space overlap for the out-of-plane orbitals. 
Furthermore, the splittings will be influenced by any inter- 
actions with the o-framework that connects the two acetylenic 
units. To illustrate this, a semi-quantitative picture is shown in 
Fig. 3 based on extended Huckel calculations. Here the 
interaction of the in-plane n molecular orbitals with different 
numbers of carbon atoms separating them is shown. Calcu- 
lations were carried out for penta- 1 ,4-diyne, hexa- 1,5-diyne 
and hepta-l,6-diyne. The geometry for penta- 1,4-diyne has no 
significant degrees of freedom. For hepta-l,6-diyne, the two 
propargyl arms having the n orbitals are relatively free to rotate, 
but they prefer to remain in an 'open' conformation due to steric 
reasons. The geometry selected for the hexa-1,5-diyne is an 
intermediate between the 5-carbon and 7-carbon systems (I and 
111) for purposes of illustration, though this is not energetically 
the most favoured conformation. In Fig. 3 ,  I(a), II(a) and III(a) 
indicate the energy levels for two separate acetylene units 
maintained at the same geometry as the molecule shown except 
that the intervening CH, groups have been removed. Thus the 
levels shown under (a)  are due to through-space interactions 
alone. In I(b), II(b) and III(b) both through-space and through- 
bond interactions are present. Consider the splitting of levels 
under (a) for all the three molecules. The shortest distance 
between the CrC units in penta-1,4-diyne is 2.377 A, in hexa- 
1,5-diyne it is 2.514 A and in hepta-1,6-diyne it is 4.899 A. Due 
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Fig. 3 In-plane orbitals of (a) two separate acetylene units split by 
through-space interactions and (b) two terminal alkyne units in the 
presence of through-bond and through-space interactions 

to through-space interaction, there is a stabilization of the 
symmetric n:’ orbital and a destabilization of the antisymmetric 
n:’ orbital. The through-space interaction is largest for II(a) 
because the geometry used here forces a better overlap of 
orbitals through space. In III(a) the distance is too large and the 
symmetric and antisymmetric in-plane orbitals are essentially 
degenerate. 

Since the symmetric and antisymmetric orbitals have dif- 
ferent symmetries with respect to a vertical plane of symmetry 
between the two C X  units, their interaction with a connecting 
o-framework is also going to be different. In the penta-l,4-diyne, 
the methylene bridge has appropriate orbitals that destabilize 
both the symmetric and antisymmetric combinations very 
slightly as shown in I(b). In the case of II(b), there are two CH, 
units separating the two n: units. The symmetric orbital is 
destabilized to a large extent while there is no o orbital 
appropriate for interaction with the antisymmetric combin- 
ation, and this is not affected. In hepta-l,&diyne, III(b), the 
antisymmetric orbital is destabilized through interaction with 
the antisymmetric combination of the C-C CJ bond orbitals. 
There is also a symmetric combination of the C-C CJ bonding 
orbitals which, however, is much more stable and interacts very 
little with the IT orbitals. In the hepta-1,6-diyne, the in-plane 
antisymmetric n: orbital (destabilized by CJ interaction) is 
calculated to be the HOMO. The second highest occupied 
molecular orbital is the out-of-plane antisymmetric combin- 
ation of the n: orbital. Below this, the calculation places the 
in-plane symmetric and out-of-plane symmetric orbitals close 
in energy. The splitting between the in-plane symmetric and 
antisymmetric combinations of IT orbitals is 0.5 eV and that 
for the out-of-plane orbitals is 0.07 eV. 

Moreover, it must be considered that more than one rotamer 
can be present in the gas phase. Fig. 4 shows a Walsh diagram 
for the conformational change from an ‘S’ to a ‘W’ based on 
extended Hiickel calculations, which usually give a fairly good 
estimate of the rotational barrier for molecules such as these.Ig 
There is an activation barrier of about 8 kcal mol-’ for 
interconversion between the ‘W’ conformation and the next 
most stable conformation, the ‘S’, in which one propargyl group 
has been rotated 180” around the central carbon atom. 
Through-space interactions are negligible and through-bond 
interactions change slightly with angle. There is not much 
change in the energies of the four relevant n: orbitals, so that 
they would all appear in the same overlapping ionization 
envelope. The fact that four individual peaks can be 
distinguished on the top of the broad ionization band suggests 
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Fig. 4 Walsh diagram for rotation of heptd-l,6-diyne from ‘S’ to ‘W’ 
conformation 
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Fig. 5 He1 photoelectron spectrum of substituted penta-l,4-diyne 

that a single conformation is predominant under the conditions 
of our experiment. 

B 3,3-Diethylpenta- 1,4-diyne.--Fig. 5 shows the low binding 
energy He1 photoelectron spectrum of the substituted penta- 
1,4-diyne. This system has only one possible conformation as 
far as the triple-bonded units are concerned. A spectrum of 
unsubstituted penta- 1,4-diyne has been reported previously. 
However, only the full valence region was reported and the 
spectrum shown is not very clear. The general shape appears 
similar to the spectrum reported here. Table 2 lists the analytical 
representation of the ionizations between 9.5 and 11.0 eV. The 
widths and contours of the ionization bands between 9.5 and 1 1 
eV suggest the presence of four ionization states, as expected for 
the four combinations of n: orbitals in this molecule. A minimum 
of four peaks are required for a reasonable representation of the 
ionization contours. The peak areas are approximately equal. 
Vibrational progressions are hinted at on the high binding 
energy sides of the bands but are not obvious in this spectrum. 

Calculations (performed on the unsubstituted penta- 1,4- 
diyne instead of the diethyl derivative) reveal the HOMO to be 
the in-plane antisymmetric n:-orbital combination, just as in 
the case of hepta-1,6-diyne. Below this is the out-of-plane 
symmetric combination, followed by the out-of-plane antisym- 
metric combination and the in-plane symmetric combinations 
of the n: orbitals. It is interesting that the order of the out-of- 
plane symmetric and antisymmetric combinations is reversed 
from the expectations of through-space interactions. The out-of- 
plane symmetric n: orbital combination has 85% contribution 
from the n: orbitals and the rest from the p orbital of the central 
carbon atom (antisymmetric Combination of the C-H CJ bonds). 
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Fig. 6 He1 photoelectron spectra of 4,4-dipropargylhepta-1,6-diyne 
and 2,2-di(bromomethyl)-1,3-dibromopropanein the region 9.5-1 1.5 eV 

Table 3 Peak parameters for 4,4-dipropargylhepta- 1,6-diyne and 2,2- 
di(bromomethy1)- 1,3-dibromopropane 

Width 

Position (eV) High Low Relative area 

C 4,9-dipropargylhepta-1,6-diyne 
9.79 
9.97 

10.1s 
10.40 
10.66 
10.91 

D 2,2- 
10.28 
10.43 
10.62 
10.79 
10.97 
1 1.34 

0.22 
0.21 
0.28 
0.36 
0.48 
0.15 

0.16 1.00 
0.21 1.92 
0.22 2.25 
0.30 2.82 
0.39 2.50 
0.10 0.61 

X(~bromomethy1)- ,3-dibromopropane 
0.19 0.19 1.80 
0.26 0.20 2.78 
0.26 0.20 2.48 
0.26 0.20 2.14 
0.27 0.14 1.63 
0.09 0.09 1.00 

This through-bond interaction destabilizes the orbital ioniz- 
ation of the symmetric combination of the out-of-plane z 
orbitals due to the antibonding mixing with the p orbital of the 
central carbon. In contrast, the central carbon atom has no 
orbitals of the correct symmetry to interact with the out-of- 
plane antisymmetric combination, and this orbital thus has 
100% contribution from the C-C x orbitals. This latter orbital 
gives a sharp ionization peak at 10.52 eV. The sharpness of the 
peak is consistent with the lack of mixing with the (T framework 
and less vibrational excitation with ionization. The position of 
the ionization is consistent with the n ionization of methyl 
acetylene which is at 10.37 eV.’ This ionization might be 

I -1 2.0 
HOMO 

2 
-1 3.0 

-1 4.0 
I , .  1 . .  , -  

s4 D2d 

-1 2.0 

% 
-1 3.0 

-14.01 - ,  , , , . I 
s4 D2d 

Fig. 7 Walsh diagram for 4,4-dipropargyfhepta- 1,6-diyne and 2,2- 
di( bromomethy1)- 1,3-dibromopropane 

expected to exhibit a vibrational progression in the CrC 
stretch, but in this case the high binding energy side of the peak 
is partly obscured by another broad ionization band. This latter 
ionization is assigned to the symmetric, in-plane combination 
of the 7c orbitals. 

C 4,4-Dipropargylhepta- 1,b-diyne and D 2,2-Di(bromo- 
methyl)- 1,3-dibrornopropane.-Fig. 6 shows the close-up He1 
photoelectron spectra for the tetrapropargyl and tetrabromo 
molecules. Their spectra are similar except for a stabilization of 
the bands in the latter by about 0.5 eV. The peak parameters are 
listed in Table 3. Extended Hiickel calculations place the first 
eleven levels fairly close in energy. This corresponds to 22 
electrons in the first ionization band shown in Fig. 6 .  Eight n- 
based levels are expected from the four propargyl groups or 
the four bromine atoms. Three additional levels arise from the 
central carbon framework. Specifically, if one considers the 
neopentane skeleton which is present in these two systems, there 
is a triply degenerate (tz) level as shown below composed 
primarily of the px, py and pz orbitals of the carbon atoms (the 
central carbon atom and the surrounding CH, groups). In 
neopentane, the onset of this ionization occurs at 10.9 eV.2 In 

the presence of the terminal Br or acetylene unit, we can 
envisage this set to stabilize slightly but it is likely that this set is 
still in the region 9.5-1 1.5 eV. Therefore, these three levels also 
contribute to the ionization in the near valence region and 
this results in eleven levels close together in energy in the n 
ionization region. 

Klaeboe et al.’O have studied the conformations of 2,2- 
di(bromomethyl)-l,3-dibromopropane. They report that in the 
crystalline state, there is only the D 2 d  conformer present. Our 
extended Hiickel, MM2 and MOPACiMNDO 2 2  (version 
5.0) calculations on both hepta- 1,6-diyne and the tetrapropargyl 
systems indicate the D , d  conformation is favoured, but the 
energy barrier to rotation from D,, to S, is fairly small (< 10 
kcal mol-’). These calculations involved rotating one bond at a 
time. Fig. 7 shows the Walsh diagram for the tetrapropargyl 
and tetrabromo systems when all four bonds are rotated 
simultaneously. The energy variation of individual orbitals with 
rotation from an s, to a D 2 d  conformation indicates that in the 
D 2 d  conformation the eleventh level is fairly well separated from 
the first ten levels. The observation of the sharp peak on the high 
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Table 4 

He1 photoelectron spectrum for 4,4-diethynylhepta-l,6-diyne 

Peak parameters for 4,4-diethynylhepta-l,6-diyne (E) 

Width 

Position (eV) High Low Relative area 

9.87 0.42 0.33 1.00 
10.16 0.21 0.21 1.23 
10.36 0.23 0.23 1.34 
10.54 0.19 0.19 1.13 
10.74 0.30 0.23 1.95 
10.99 0.26 0.26 1.29 
11.15 0.37 0.19 0.74 

energy side of the valence ionization band is evidence in support 
that the D,, rotomer is present to an appreciable amount and 
not the S,  rotamer. This feature is seen for both of the 
molecules. A representation of this orbital which gives rise to 
the sharp peak on the high energy side is shown below. The 
orbital for the tetrapropargyl molecule is very similar. The p, 
orbital of the central carbon atom is bonding to the four CH, 
units around it. The p orbitals on the Br atoms are almost non- 
bonding. 

E 4,4-Diethynylhepta- 1,6-diyne.--Fig. 8 shows the low ioniz- 
ation energy He1 photoelectron spectrum for this molecule. The 
parameters of the analytical representation of the ionization 
contour are listed in Table 4. Calculations show eight levels in 
this region. The t, level of the neopentyl skeleton is absent here 
and therefore we get eight levels as expected in this region 9.5- 
11.5 eV. Since the peaks overlap to a large extent, no attempt is 
made to assign the individual peaks. A comparison between the 
spectrum of the tetrapropargyl molecule and this system reveals 
the onset of ionization to be almost the same in these two cases. 
The intensity of the lowest energy band seems to have decreased 
in E compared with C. This indicates that the first band may be 
due to ionization from the n system of the propargyl group 
rather than the ethynyl group. In E, there is a shoulder at 
approximately 10.5 eV which is close to the position of the out- 

of-plane non-bonding n orbital which comes up as a sharp peak 
in the substituted penta-l,4-diyne. In general, the low valence 
ionization region of E appears as a combination of the 
ionizations of A and B. 

Discussion 
A number of common features emerge from the study of this 
collection of terminal diyne and tetrayne molecules. All of these 
molecules show substantial coupling of the n orbitals that splits 
the n-based ionizations over a range from 0.6 eV to more than 
1 eV. Through-space interactions between n orbitals can be 
substantial, but the terminal propargyl groups of these mole- 
cules are relatively free to rotate to favoured conformations, 
and the conformations with maximum through-space interac- 
tion are not favoured sterically. The spectra suggest that a single 
conformation is predominant in the gas phase in each case. The 
splitting of the n-based ionizations is sensitive to the mixing of 
these orbitals with the CT bonding framework of the molecule. 
Symmetry governs which combinations of C-C and C-H CT 
orbitals can interact with which combinations of the n orbitals, 
and the energy separation of the appropriate CT orbitals from the 
n orbitals has a strong effect on the extent of mixing and the shift 
of the n-based ionizations. In the simple substituted penta-l,4- 
diyne system there is a narrow peak at 10.52 eV which is due to 
a pure x ionization without o character. It corresponds to 
the antisymmetric combination of the out-of-plane x orbitals, 
for which there are no orbitals on the central carbon atom 
of the correct symmetry. At lower ionization energy is the 
corresponding symmetric n combination, which is destabilized 
by interaction with the appropriate combination of the C-H CT 
bonds on the central carbon. In the case of hepta- 1,6-diyne, the 
terminal alkynes are sufficiently separated that the through- 
space interaction is negligible, but the n-based ionizations are 
still substantially split. In this case the splitting is clearly caused 
by interactions with the CJ framework, and the strongest 
interactions are with antisymmetric combinations of the o 
bonds, which are closest in energy to the n bonds. For the 
tetrapropargyl and tetrabromo molecules, the observation of a 
relatively intense, sharp ionization in each case is a strong 
indication of the predominance of a single conformation for 
these molecules in the gas phase. Calculations indicate that this 
is the D,, conformation, consistent with the structure found in 
the crystal. Again, the energy spread of the ionizations indicates 
interaction with the CT framework and in this case a set of three 
o-based orbitals is in the same energy region. The 4,4- 
diethynylhepta-l,6-diyne gives rise to a complex spectrum of 
overlapping bands with some ionizations similar to those seen 
in the tetrapropargyl molecule and some similar to those seen in 
penta-1,4-diyne. Thus the coupling of the n orbitals with the CT 
framework remains similar, and there is little additional direct 
coupling of the x orbitals through space. 
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